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INTRODUCTION

Statement of the Problem

Abnormally high pore pressure zones in earth are found world wide.
Such pressure‘occurs when pore fluid in the formation begins to
support more of the overburden than just the fluid, i.e., not all thé
mineral weight above the formation is transmitted through the mineral
matrix. |

It has been thought that the pore pressure could not exceed the
stress produced by the total weight of the oVerburden. However, experi-
ence in certain areas (Mississippi, Middle East, U.S.S.R., etc.) has
shown that pore water pressures can exceed the overburden pressure,
and are thought to be the major cause of blowouts and stuck drill stem
(14). |

When a well is drilled into a porous formation and its pore fluid
pressure is greater than tﬁe bottom hole drf]]ing fluid pressure, the
formation pore water runs into the well boref Dissolved géSés in the
pore water may come out of‘solution, mix with drilling fluid, aﬁd
expand due to the reduced pressure. This reduces the specific gravity
of the drilling fluid and further Towers the bottom hole dri]Tingn
fluid pressure which permits even higher flow ratés into the well bore.
If the well is not quickly shut in by closing the blowout preventers a

catastrophic blowout may occur.

Blowouts occur only from porous formations that have high

The style and format of this thesis follows that used by the
Journal of the Geotechnical Engineering Division, American Society of
Civil Engineers. o




permeabi]ity.h The sha]es or clays that lie above the high pressured
formation may have an even higher pore fluid pressure than those in
formation below them, but their permeability is so low that they pose
no threaf. If the high pressured shale formation can be recognized
before the interbedded high pressured formations are penetrated, and
the pofe water pressure estimated, a blowout may be prevented.

It has been noticed that the shale formation on top of over-
pressured sand formation usually has a Tow porosity and a high tempera-
ture. ’However, these indicators give no direct information for the
pore pressure. ‘

Condition of equilibrium may be u$ed to estimate pore pressure.
For a geostatic state of:stress, the total vertical force on a plane
must be in equilibrium with the vertical force in the mineral matrix
plus the force in the water on that plane. It‘is known that a power
Taw function of porosity can be used to represent the force_in the
‘ miﬁefa] matrfx. . Furthermore, it is known that the force in the water
is equai to the water pressure in the pore times the area of the water
filled pore on the plane. This being the case, it appears reasonable
to assuhe that the power law function, along with careful estimates
of temperature and total geostatic vertical force, can be used to get
a good estimate of bore pressure. To be used in this way, methods
must be developed for finding the compressibility coefficients in the
functions, and for determining the ratio of water area to total érea on
the plane. Since the compressibility of soil is related to other
prqperties of the material, it might be possible to develop a relation-

ship between it and Atterberg 1limits, porosity, percent clay and



)

S |

temperature. It also appears reasonable to expect that these same
parameters are related to the soil permeability and area ratio of water
on the plane. If these relationships can be found, the pore pressure

can be found from the power law function.
Objective

The purpose of the research is to determine how the compressibility
and permeability of clays is re]ated to the Atterberg limits, percent
clay, and porosity, and how these relationships are affected by

temperature.

Stresses in Overpressured Formations

The primary requirement for the existence of the overpressure
formation is the existence of a seal. Normally, the seal formation is
a thick layer of impermeable shale which acts as a pressure barrier
which prevents the removal of the pore water and restricts the
dissipation of the pore pressure. According to Costley (9 ), under
such conditions the abnormal pore pressure will support a larger
portion of the overburden and will reduce the compressidn pressure
acting on the shale. The porosity of shale in the overpressure zone
will be higher than that of the shale which is norma]]y‘conso]idated |
under the same depth of overburden. It has been suggested by Ruby
and Hubbert (37), in accordance with Terzaghi's effective stress
principle, that the compression pressure of the sediment can be
determined by subtracting the water pressure from the total overburden

pressure.



As cited by Bjerrum, Casagrande, Peck and Skemption (5), the
classic effective stress definition was given by Terzaghi in 1923. The

definition, ana]ogous to the partial pressure in gases is:

0= 0 = U v v v e e e e e e . (1)

al
"

where the effective normal stress acting on a plane

Q
£}

the total normal stress acting on a plane

<
it

'thekporé Water pressuré acting at the point of
."c0nsideration o

Essentially he assumed that the two stress fields can be sUpékQ
imposed even though they do not act on the same materials. Terzaghi
contended that it was the effective stress that controlled the shear
strength and density changes in soil. Many have assumed that the
1im1ting case developed when the effective vertical stress is zero and
that it is impossible for the pore préssure to exceed the geostatic or
Qverburden stress (44). However, field tests and consideration of
static equilibrium do not show this to be true.

Four different sets of field measurements in ocean bottom sedi-
“ments made by different observer grdups 1ndicated'that the pore Water
pressure may exceed the overburden so that the vertical effective stress
is negative (4), (11), (16), (17). Some of these tests have been con-
~ducted for periods up to two years. Many measurements in oil wells in
the Gulf of Mexico area show that the pore pressure may exceed the over-
burden stress'over great'areas, hundred of miles in extent. Pore
pressures that exceed the overburden stress are not confined to the

Gulf Coast area (13).



3

the effective stress,

al
n

o = the total stress,
and u = the pore pressure

From the geometry of the Mohr-Coulomb's failure envelope i is
defined as:

(1 - sin ¢é)(sin ¢E)
AT < sin op) (sin ¢))

¢, = the angle of shearing resistance obtained from the
normal consolidated undrained test,
and ¢B = the angle of shearing resistance obtained from the

test with negative pore pressure.

Based on a model consisting of elastic and isotropic aggregate,'

Nur and Byerlee (33), in 1971, defined a new expression for effective

stress:

;::C-Mu OvICOl.'..!.‘!l!...lc;.l. (5) :
where 5 = the stress acting on the solid,

¢ = the total stress, |

M = parameter defined below,
and u = the pore water pressure.

Bybaséuming that the strains of the rocks are linearTy related to
the pressures, the parameter, M, was derived as’(1 - ggo,where
HC = the bulk modulus of the dry aggregate and,Hh = thg intrinsic bulk
modulus of the solid.

Nur and Byerlee's (33) simple compression and poré pressure tests



on Weber sandstone and Westerley granite found that the experimental

result is better described by their effective stress expression. How-

ever, their effective stress expression is limited to

elastic strain conditions; it does not include inelastic processes

such as failure.

It has been shown that over any area of a saturated porous

material equilibrium requires that (44):

also o

where F

n

and | E

the toté] force,

the force acting on therminera],

.the force acting on the water,

the total stress acting on the total area of the
sediment,

the force acting on the mineré] grain ﬁer unit total
cross-sectional area of thé sediment,b |

the pore water pressure,

the porosity ratio,

an area ratio parameter

Under the extreme condition that the force act1ng on the mineral

grain approaches zero and the water carries most of the ]oad

Eq. 6 becomes (44)



. |

J

Upon re-examination it can be seen that the limiting case will
develop when the force in the water is equal to the total ovefburdeni
force (44). The force in the water is equal to the product_of the water
pressure and the area of the water space. When the force in the
mineral'matrik is'zéro, the force in the water'is equal to the total
stress divided by the area of the water. Since the sum df the area of
the mineral and the area of the water must équa1 the total area and at
no point in the_sbi] is the water area as large as the total area,
then the pore pressure must exceed the total overburden stress.

It is believed that the classic effective stress definition ié ‘
not, in general, true for real rock because it does not consider the
contact area of the minéra] grain. Many have recognized this,énd
there have been several_attempts to redefine the effective stress
concept. |

From the view of intergranular stress concept, Skempton (41), in
1961, theoretically derived tWo expressions for effective stress in
fully séturated’materia]s that govern‘the éheér stfength'ahd the volume
changes.

For shear strength:

- _atany
6 =0 (1.tan¢)u

For volume change:



Qj

= the effective stress,

op = the total stress,

u = the pore pressure, _

a = the area fatio: area of gri;2a$oagggin contact

¥ = the angle of intrinsic shearing resistance,
@‘ = the angle of shearing resistance of the porous material,
CS = the compressibi}ity of solid substance, -

and Cp = the compressibility of porous material.

Based on the derived equation, Skempton (41) stated that "if the
material is incompressible and purely cohesive; where CS =0 ahd v =0
then Terzaghi's equation is rigorously true. However, Terzaghi's
equation may not be generally applied to saturated rocks and concrete".

In 1970, Evan and Lewis (12) studiéd the effect of negative pore
- pressure on the shear strength of saturated clay, and two series of
triaxial compression tests on a saturated silty soil were performed.
First, the normally consolidated undrained tést was performed and pore
~pressure was measured. Second, the same soil was tested with a nega-
tive pressure induced in the sample. Differeht values of cohesion,
and the angle of shearing resistance_were obtained. Based on the
principle that theléhear strength parameter of the soil should be the
same regardless of the value of the pore pressure, a new expression
for the effective stress was given for the negative pore pressure

regime, that is:



§)
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1
U= m= 0 v e e e e e e e e e e e e e e e e e e e . (7))
nE

As n is always less than unity, nE must always be less than unity.
Consequently, the pore pressure can exceed the overburden stress while
equilibrium is still maintained.

Since the total overburden force depends on fhe depth of the
formation, it can be estimated by integrating the weight of éediment
above the formation. Thus, if the area ratio parameter E in Eq. 6 s
known, and if the force acting on the mineral can be estimated, the |
pore water pressure of the formation can be predicted by simply
measuring the porositykof the sediment in the formation.

The change in the force acting on the sedimént causes the decrease

in the volume of the sediment. Initially when a load is applied to a

‘soil-water mixture, the consolidation load is almost comp]ete]y‘supportf

ed by the pore water. With the passage of time, the pore water
dissipates and the force is transferred from the water to the soil
structure. The flow of water from the voids results in the volumetric

change (49).

Compréssibi]ity of the Sediment

Many researchers have related the consolidation stress to the pore
space of the sediments and their stress and strain relationships are
herein given.

In 1940, Macey (28) investigated the properties of the plastic
mixture of clay and he suggested that the compression pressure can be

described by.an exponential function in terms of the equilibrium
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moisture content of the clay sample.

o

i

the compression pressure,

it

w = the moisture content,

o and ¢ are the experimental constants.
In defining their consolidation theory in 1948, Terzaghi and Peck
(47) used the plot of void ratio (e) versus the logarithm of effective
stress (o) to represent the stress-strain behavior of soil.A It is
illustrated in Fig. 1 that the re]ationéhfp between e and log ¢ for
the "virgin" compression is linear. The slope of the straight line is

defined as the compression index (Cc), in which

Co=—— cee (9)
A log o :
where Ae = the change in void ratio,

and A Tog o = the change in the Togarithm of the effective stress
corresponding to ae. |

| In ]966, Akagi (1) showed that the e-log & curves were linear, even
up to a pressure of about 28,000 psi (193,000 kN/mZ). For thevnon-marine
sediments represented in his tests. Through examination of hundreds

of curves and various high pressure consolidation tests on.marine
sediment, Katherman and Bryant (18), in 1978, found that at préssures
approaching 7,000 to 10,000 psi (48,300 to 69,000 kN/m%) the e-log o
curve will become asymototic wifh respect tb the 109'5 axis at zero

void ratio.



Void Ratio, e {(Arithmetic Scale)

1 1 i 1

Fig.

(Log Scale)

Compression Stress, g, (psi)

1 - Typical Results of Consolidation Test

1
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To overcome the difficu]ties 1hherent with the e-Tog ¢ plot for
compressibility, other relationships involving porosity and compressive
Toad have been tried. In 1927, Rubey (38) re-examined the data
published by Hedberg and found that the laboratory determination of

load and porosity follows a hyperbolic equation.

ot =6 L, e )
o = corresponds to the applied vertical compressive stress,
n = the observed porosity ratio,
F and G = constants reflecting the compressibility.

In 1959, Rubey and Hubbert (37) have theorized that the compression
pressure acting on the soil matrix is a function of its porosity.

In 1979, both Thompson (46) and Miller (30) used a "power law" to
rélate the force acting on the mineral matrix and the porosity ratio
of the sediment. Such relationship is identical to the one suggested

by Rubey. .The equation is given below:

—hy
i
I=
3
o]
Camny
—
——
~—

------------------------

It

where fm the compression force acting on the solid matrix per

unit total area,

i

n = the porosity ratio,
and A and B are the compressibility coefficients.

Thus, if Eq. 11 is substituted into Eq. 6 a relationship between
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the pore pressure acting on the sediment and its porosity and total

overburden stress is'developed.

Q
fl
>
o]
les)
+
<
>

to give

If the compressibility coefficients A and B can be related to the
Atterberg 1imits of the sediment, the force acting on the mineral matrix
can be estimated. If the parameter E can also be related to some
mineral descriptors Eq. 12 will allow the downhole pore pressure, U,

to be estimated.
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" 'SUMMARY OF PREVIOUS WORK

Relationship Between Compressibility and Atterberg Limits

The Atterberg limits are moisture contents of the remolded soi] as
determined by arbitrary tests. The tests supposedly differentiate
between the liquid end plastic state (liquid 1imit), the b]astic and
the semisolid state (plastic limit), and the semisolid static and the
solid state (shrinkage 1imit). As the amount of elay'or the type of
clay changes, these limits change. The} g¥verno 1hdf¢eff6nve%‘tﬁeJ
condition of the material. They only indicate how much water is
attracted to the surface of the soil particles. 'They have'beeﬁ:ﬁéed to
classify clay soils since the tfme of World War II. “ h

With a knowledge of both the percentage of clay and the Atterberg
limits, the activity of the clay fraction can be calculated (25). The
activity is a measure of the specific surface area of the clay which
depends primarily on the type of clay mineral present in the soil.

For years engineers have tried to re]ate many of soil character-
istics to the Atterberg limits. One of these characteristics is the
compression index CC as given by Eq. 9 and\i]]ustrated in Fig. 1.
Because many people have empirically re]ated the compression index, Cc’
to the 1iqqid limit, it seems reasonable that the compressibility
coefficients A and B in the power law function of the porosity should
also be related to the Atterberg Timits. Some of the history of varieus
attempts to relate the compression index and ]fquid limit is herein
given. | |

Based on the information obtained from the field test and labora-

tory data, Skempton (42) in 1943, developed an empirical relationship

—
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between the compression index and the 1iquid Timit of cTay which is

expressed as fb]]ows:

C. = 0.009 (w2 =10) - e e e e e e e e e e e e e (1)

w, is the liquid Timit of the clay.

With the experimenta] data on samples from the Mississippi. River,
Sherman and'Hadjidakis (40), in 1962, suggested that the compressibility
index is related apprdximate]y to the liquid 1imit, with values '
generally increasing in direct proportion to the liquid limit. HbWever,
the discrepancy of the ré]ationship increases at high 11quid limits.

The line of regression in the graph of compressibility index versus

Tiquid limit is represented by:
CC = 0.011 (wﬁ = 16) . o e e e e e e e E (14)
During the same year regression analysis of test data by Cozzo]ihe
(10) also indicated that the compressibility indices of two Brazilian
clays were related to their liquid limits by the following empirical
equations:
C. = 0.0046 (w - 9) +0.086 . . ... .- .- e (18)

for motley clays from Sao Panlo City and

C. = 0.0186 (w2 S30) 041 - v e e (16)
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for the soft silty clay from the lowlands of Santos.

In 1976, Azzouz, et al. (3) statistically analyzed the experi-
mentai data from more than 700 consolidation tests on a large variety
of undisturbedléamples. They established a regression equation in terms

of liquid 1im1t, wg,'to predict the compressibility index, in which,

In the same year, Krizek and Salem (21), indicated that the
compression indices of the dredged materials fall within a fairly
narrow rahge even though the samples are qu%te diversified. It was
observed that most>of the examples have void ratios of nearly the same
hagnitude for the last three load increments of 8‘psi (55 kN/mz),

16 psi (110 kN/m?) and 32 psi (220 kN/m2). The values of the com-
vpfeséibility index for the different materials for this loading range
are quite close together despite a large range of initial void ratios.
This Suggested to them that the observed homogeneity in consolidation
response is related to thé‘reTative uniformity in general chemical
composition and the grain size of the different dredging specimehs._

It is evident that the compressibility characteristic of clay is
related to its Atterberg 1imits; however, all the correlations are
based on the experimental data on re]étive]y Tow pressure consolida-
tion tests. Many of the empirical relationships are found on rather
homogeneous specimens, or samples obtaihed from a spetific origin.
Thus, an investigation of nigh pressure consolidation for samples that

“have widely different .Atterberg Timits is needed.
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The Effect of Mineral Composition on Permeability of Clay

No direct relationship between the permeability of clay and its
Atterberg limits has been established. Nevertheless, the influence of
mineral composition of clay on its permeability has been investigated.
In 1954, Lambe (22) compared previous measurements on the permeability
of soil wiih differént mihefa]é and various exchangeable cations. He
indicated that the magnitude of permeability varies widely with soil
composition. As shown in Fig. 2, the permeability of the minerals
are in the following order: mbntmoril1onite < éttapﬂ]gite < kaolinite.
A]so,.the permeébi]ity of the clay minerals varies with different
types of exchangeab]e ions. Accord1ng to Smith and Sta]]man (43); the
jon exchange capac1ty of c]ay samp]es has a s1gn1f1cant effect on their
permeability. On the other hand, Mitchell (31) suggests that the
liquid Timit of clay greatly depends on the type of cation that
surrounds thé clay paftic]es. It is noted by Terzaghi (44) that "The
results of the simplified soil tests (Atterberg limits) depend precisely
on the same phys1ca1 factors which determ1ne the res1stance and the
permeab111ty of soil (shape of part1c1es, effective size, and uniform-
ity) on]y in a far more cpmp]ex manner." Hence, it seems that

permeability of the sediment may be related to its Atterberg Timits.

Permeability as a Function of the Porosity Ratio

The permeability of soil is the property that describes the

resistance to the flow of a 1iquid through soil. The rate of f]ow
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Fig. 2 - Void Ratio Versus Permeabi]ity -

Refer to Lambe (22).

v}s Void Ratio Versus ]
Permeability Cosefficient
© Sodlum
@ Potossium
14 © Caicium —
/ ® Mydrogen
1 ® Natural J—
] from Cornetl, 185]
i2 j//
10 L
/ '7’ Montmorillonite / o
L /] / /.
n/ / /;/
6 : / / OA
[ )
4 / / ’ /ﬂ:p/u/g//a
/ 4
b0/
/ 2 .
o @zfg
o | /D/ Kaolinite
10=? 10°8 10~ 1076 1075

Permeabillty Coefficient, k-em per sac (log scale)

18



through the soil'is given by Darcy's law (49). It is

L
u
o
—d o -
~8

T
“where g = flow rate through the soil,

-
i}

hydraulic gradient. It is defined as the last in

total head per unit length of‘microscopiccflow path}

fk coefficient of permeability

Ay total area‘df soil and water.
Since the f]ow rate depends on the size of the vo1d many

researchers (19, 25) have recogn1zed that por051ty has a substant1a1 o

:lnfluence on the permeab111ty Since moisture content void rat1o

and poros1ty are all directly re]ated for saturated so1ls,many have

chosen to represent their results in terms of moisture content or- vo1d

ratio.

In 1940 Macey (28) compared the permeab111ty of clay at d1fferent

' mo1sture contents and suggested that the permeab111ty of c]ay can a]so ‘

be represented by an exponent1a1 funct1on in terms of 1ts mo1sture

~content.

where  k is the permeability

w is the moisture content
Ao B are the experimental constants

~In 1950, Arch1e (2) pub11shed the relationship between the
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permeability and'porosity for various rock formations. vétfafgat‘{fee
relationships were shown for different formations when the permeability
and poroSity data were plotted on semi-log paper.

As cited by Wu (49), Carman in 1956 improved the equat1on prooosed

by Kozeny and estab]1shed the Kozeny- Carman equat1on

k is the permeability
C, is a factor depending on the pore shape, specific surface
area and the ratio of length of actual flow path to soil
bed thickness.
n is tHe porosity ratio.

| Although this equation works very well for the description of
. permeability in cohesion]ess soil, it is Tess successful for clays.
~In 1977, Thompson et al. (47) empiricaTTy established a "power
law" re]at1onsh1p between the porosity and permeability for the marine

sediments, in which

where k is the permeability
n is the porosity ratio

C and D are the permeability constants
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The Effect of Temperature on the Compressibi]ity of Clay

| Temperature.inereasesvwith depthjfrom‘the surface ofkthe earth to
its center. The temperature gradient with depth'may vary'from different
geological 1ocat1ons Lew1s and Rose (27) suggested that the tempera-
ture grad1ent along the Texas Gu]f coast ranged from 1.6 to 2. 2°F/100
ft (2.7 to 3.7°C/100 m). Thus, the temperature of the sediment at great
depth is much higher than the normal temperature on the earth surface
In order to simulate the f1e1d cond1t1ons in the 1aboratory a study on
the effect of temperature on the conso]1dat1on of the so11 samp]e is
necessary. | | | |

In 1949,VBurmfster (7) noted thatvtv. ;-t apprecfab{e.temperature

variations affect the slope of the pressure-void ratio curve, making

“the s]ope flatter for tenperature effects

Based on test resu]ts from the 1nvest1gat1on of temperature effect
on the consolidation character1st1c of clay, F1nn (15) in 1951, stated
that for a spec1f1c pressure 1ncrement the amount of compress1on of a
c]ay stratas is 1ndependent of temperature | |

From experiments performed on the Boston blue c1ay,'T; w.'Lambe
(24); in 1958 concluded that, under constant load, the c]ay shrank with
a temperature increase and expanded with the temperature decrease. The
volume changes were exact]y those expected from the effect of tempera—
ture on ‘the double layer, since an 1ncrease in temperature w111 depress

the double layer and a decrease will expand 1t.
From consolidation tests performed at constant temperature,
Paaswell (35), in 1965, concluded that a significant increase in tem-

perature (about 86°F (30°C)) is necessary to produce a noticeabIe change

in the amount of consolidation.
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In 1968 dlrect measurement of changes in part1c1e spac1ng with
var1at1ons in temperature dn a monmor1110n1te s]urry subJected to low
stresses were reported by Yong et a] (50) 4 They observed vo]ume
‘1ncreases in sod1um montmor11]on1te as the temperature 1ncreased xfhe
external]y app11ed pressure of 1ess than one atmosphere was he]d N
constant o ‘v o v"y

Tr1ax1a] conso]1dat1on tests on saturated remo]ded 1111te have
}been performed by Campane]]a and M1tche1] (8 ) 1n the same year These
~ show s1gn1f1cant vo]ume decrease w1th an 1ncrease in temperature t”The
resu]ts also 1nd1cate that the compress1on 1ndex of remo]ded 1111te is
essent1a1]y 1ndependent of temperature | Howeven as1n Boy]e 5 1aw,'
the h1gher the temperature of the c]ay, the 1ower the poros1tyuat Q:y
g1ven consol1dat1on pressure
| Dur1ng the next year P]um and Esr1g (36) suggested that the
‘behav1or of so1] under a part1cu1ar temperature 1s governediby theéf
A app11ed effect1ve stress and the stress h1story, a]ter1ng the tempera-
ture of a so11 spec1men can produce an effect s1m11ar to the change in
stress h1story From conso]1dat1on tests performed at var1ous tempera-
'tures on new f1e]d c]ay and 1111te they concluded that the compress1—
;:b111ty changes are most notab]e 1n soft so1]s conso]1dated under sma]]
stress However at app11ed stresses 1n excess of about 30 ps1, an‘
1ncrease in temperature appeared to produce 1n51gn1f1cant changes 1n

‘ Therefore, 1t seems that therma1 effect on the conso]1dat1on»:
| characterlst1cs of c]ay arouses d1fferent op1n1ons ) In genera] most

researchers agree that a temperature increase causes a decrease in
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volume of soil if it can drain. However, all of the experiments Were
performed under.re]atively Tow consolidation pressures. bThe temperature
effect on the compressibiiity characteristics of c1ay under high
pressure conso]1dat1on 1s still unknown Such knowledge would be
beneficial to the study of the eng1neer1ng propert1es of the progressive

burial sed1ments.

Effect of Temperature on the Permeabi]ity Qf C]ax’

Temperature affects the viscosity of f1u1d wh1ch contro]s the f]ow
rate. Hence the permeab111ty of the sed1ment 15 a]so affected by the
change in temperature | |

In 1962, Leonards (26) compared Darcy s 1aw of permeab111ty w1th
the Hagen -Poisenilles equation of flow. He po1nted out that the
f1u1d s 1nf1uence can be expressed by the ratio of its unit we1ght to
its absolute v1scos1ty He credits Nott1ng (32) for suggest1ng the use

of absolute permeability, in wh1ch

K is the absolute.permeability and hasidimensions of
' (1ength)2,- |
y is thehunit weight of the fluid,
p is the viscosity of the fluid,
and k is the coefficient of permeability based’on’Darcy's‘]aw;
and has dimensfons of (lenght/time).
- Others (25), (49) corrected the coefficient of permeability for the

change of viscosity at various temperature and reported at 68°C (20°C)
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by the'mu1tip1f6ati0n'of"a“conVersion factor.
K20 kT (uT e e e BRI ..j,fh.,f.. i.(?3)

where ‘KZO is the coefficient of permeability at 68°Fv(?odcje
Mg is the viscosity of water at 68°F (20°C),
| kp is the coefficienthof permeabi]ity at T°C,
n and ' is the viscosity of water at T°C e e
Such convers1on e11m1nates the effect of temperature on the .
rpermeant and a]]ows the measured permeab111ty data between d1fferent
type of so1ls to be compared However, therma] effects on the m1nera1
matr1x of the sed1ment are not e11m1nated by th]S correct1on e
The overpressured mar1ne sed1ment 1s 1ocated not on]y 1n a h1gh
pressure and temperature env1ronment, 1t is a]so assoc1ated w1th sea
:water so that there can be chem1ca1 1nteract1on between the sa]t water
and the m1nera1 partlc]es | |
| In 1976 Kharaka and Sma]]ey (20) 1nvest1gated the effect on
hpermeab1]1ty of c]ay under d1fferent compactlon pressures and
temperatures. They used ch10r1de so]ut1ons of alkali and a]ka]1 earth
metals as the permeant The permeab111ty of benton1te compacted to
7,000 psi (48,300 kN/mz) and 10,000 psi (68,000 kN/mZ) at 77°F (25%)
was found to be 4. 0 X 10 -13. cm/sec and 1. 6 x-107 -13 cm/sec respectively.
At 122°F (50%C) and 176 F (80%), the permeability of the bentonite
compacted to 7 000 psi (48 300 kN/m ) was found to be 6.1 x 10‘13

13

. cm/sec and 8 0 x 10 cm/sec respectively. The resu]ts showed the

permeability decreasing with increasing compaction pressure, but
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Permeability

The coefficient bf permeability depends upon the size ahd extent
of the path of the f]uid flow and the reluctance of the fluid to move
(i.e. viscosity). The smaller the void and the higher the viscosity |
of the fluid in the pore, the greater the resistance to the flow. |
Since the viscosity of the water in the clay is influenced by the
interacting force between the water molecules and the clay particTes,
the permeabi]ity is also affected by the e1ecfro$tatic.force produced

by the clay particles.

Atterberg Limits

Atterberg limits are the water contents at which sbi] consistency
changes from one state to another. Liquid 1imit is the water content.
at which the soil on two sides of a groove flows together after the
dish which contains the soil has been dropped 25 times through the
distance of 0.39 in. (1 cm)v(25). In a microscopic point of yiew,‘
Wankehtin (48), in 1961, noted the “]iqufd limit can be regarded as the
wafer content at which sufficient free water is present‘to a]]ow clay
particles to slip past one another under a certain app1ied‘force, It
can also be explained as the distance between the structural unité of
the particles at which the interacting force between the’clay particles
- becomes weak enough to allow easy movement of particles related to each
other." Therefore, liquid Timit may be used to describe the interact-
ing force between the clay particles, or the electrostatic force
produced by the clay particles.

Plastic limit is the water content at which a soil begins to
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crumble when it is rolled into a one-eighth in. (0.31 cm) diameter
thread. Other than a lower boundary of the range of}water contents
within which soil exhibit$ p]asﬁic behavior, the physical significance
of the p]astié limit is hot as apparent as that of the lTiquid Timit
(39). It was sdggeStéd by Terzaghi that, "for moisture contents equal
to or smaller than the plastic limit the phySical properties of the
water‘are no longer identical with those of free or ordinary water"
(44). Nevertheless, the plastic limit is a good indication of the
clay-mineral composition of a soil and the amount of clay content in the
‘soi] sample.

The compressibility characteristics, permeability and the liquid
Timit of clay are influenced by the electrostatic force of clay
particles. Thus, it seems that both the cqmpressibi]ity characteristic

and the permeability of clay may be related to their Atterberg 1imits.'

The Effect of Temperature on the Compreésibility and'Permeabi1ity of
Clay |

An increase in temperature causes an increase in the internal
energy of the soil system. Additional energy to the system will reduce
the affinity of water molecules in the pore to the clay particles. The
electrostatic force attracting the different types of water in the pore
space decreaées, and the water in the pore becomeé less viscous. Thus,
the internal resistance to the flow of water out of the soil system
Qnder a given consolidation pressure also decreases. As a resu]t, an
increase in temperature,may cause a larger volumetric compression.

The effect of temperature on the permeability of clay seems to be
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increasing with increasing temperature.

By compéring the filtration ratio (wh%ch is the ratio of the
concentration of alkali and alkaline earth metals of the input so]ution
to that of the output solution) with the flow rate at different
temperatures, they concluded that the increase in pefmeabi]ity With
temperature is equal to that expected from decfease in kinematic
viscosity of water.

VKharaka and Sma]iey's (20) data are vaTuab]e in the study of
marine sediment. However the data are given to describe the
permeability of marine clay at various pressures andbtemperatures.
Thus,'a more thoroughliﬁveétigation is needed‘so that the permeabi1ity
of marine clays at various porosities and temperatures can be

better described.
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PHYSICO-CHEMICAL THEORIES FOR BEHAVIOR OF CLAY

Compressibility

In the "Physico-chemical Analysis of the Compressibility of Pure
Clay," Bolt (6 ) in 1956, stated that the compressibility of pure clay
suspensions and pastes can be explained very well by the interaction
between the electric double layer formed on the clay particles. In ‘
1970, Olson and Mesic (34) suggested that the compressibility character-
istics of clay are influenced by both the mechanical and physico-
chemical effect. However, the degree of influence of both the
mechanical effect and physico-chemical effect on the compressibility
characteristics depends on the mineral composifion of the{c]ay. Clay
minerals carry‘net hegative charges which create an electric field
around the clay sheets. These negative charges are balanced by cations,
such as Na+ and Ca++, which are held to the clay particles by electro-
static attraction. The dipole action of the water molecules provides
positive and negative charged ends, and the molecules are attracted to
the clay partic]eé and,éations.

It is theorized that this electromagnetic field causes the water
molecules to turn into a viscous f]ufd. The viscosity depends on the
distance of the water mb1ecu1e from the clay particle and the concen-
tration of the electrical chérges on the clay partic]es. dater tends to
be more viscous when the water molecules are held close to the clay
particle, and when there is high concentration of electric chérges:on
the c]éy particles (23). B

On the basis of the relative magnitude of force between water and
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more obvious. Permeability of clay depends on the rate of flow
‘through the clay sample. With an increase in temperature the permeant
becomes less viscous, hence, there is less resistance to the flow
through the sample. The clay mineral at a given porosity becomes

" more permeable in a higher temperature environment.



32

EXPERIMENTAL PROGRAM
Eguiément

Abnormally pressured formations are usually situated in relatively
high temperature and préssure environments. To study the characteris-
tics of different clay sediments, a high pressure conso]idation system
with a temperature control unit was bui]t. The overé11 schematic of the
system is illustrated in Fig. 4.

The system contains the following elements: consolidometer,
loading device, heating unit, back pressure system and volume measuring
device, and permeameter.

Conso]idbmeter. - This unit is shown in Fig. 5. The fixed ring
consolidometer was designed to withstand pressure in excess of 10,000
psi (69,000 kN/mZ). It is corrosion resistant, stainless steel havihg a
diameter of 2-1/2 in. (6.35 cm). Lateral movement of the test specimen
during consolidation is prevented by a 1/2 in. (1.27 cm) thick chamber
wall. Friction is minimized by a machine-smoothed 1nsidé chamber. The
Toad. is applied through the piston which is sealed by a‘U—shaped teflon
seal which can withstand high pressure and témperature (up to 392°F
(200°c)). It produces Tess friction than an'ordinary 0-ring. Top and
bottom drainage aré provided by porous stones Tocated in the piston and
the base. Filter papers are used between_the porous stones and the
- specimen to prevent the fine clay particles from entering the porous
stone. A dial exteﬁsometer is attached to the piston to record the
change in sample height while the consolidation test is in progress.

Loading device. - Consolidation pressure is provided by dead
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soil, Kezdi (19) arbitrarily divided the water in clay into four types,
as>shown in Fig. 3. The four types of water are as follows:

| a. Pore water. - Water that has the same physical and chemical
properties of ordinary water. It is capable of moving under a hydraulic
'gradient.

b. Solvate water or double layer wéter. - Water that is attracted
to the soil, and is subject to electrostatic, polar and ionic binding
forces. The viscosity and density of water inside the double layer
are greater than those of ordinéry water.

c. Absorbed water. - Thin layer of water held as interlayer water
by the clay minerals with an expanding-lattice structure. Since the
absorption forces are extremely large, the absorbed watef cannot be
moved by normal hydrodynamic force.

d. Structural water. - Such water refers to the hydroxyl groups
that constitute parts of the crystal structure. The structural water
can only be removed by temperature that is high enough to cause the
“destruction of crystal structure.

 When pressure is applied to a layer of saturated c]ay pértic]és,
water from between particles is forced out until the clay particles
are separated by water of high enough viscosity to resist the applied
stress (29). The clay mineral compressibility therefore depends on
the resistance or viscosity of the double layer water which is con-
trolled by the attractive force produced by the clay particles and the
cations. Conséquent]y, the compressibility of clay relies on the

electrostatic force produced by the clay particles.
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weights acting through a lever system. The compound lever has a
mechanical advantage or ratio of 1 to 100 which enables a small weight
to produce a relatively high pressure. The dead weight lever system is
inexpensive, simple and accuréte, because 1) it does not require any
high-capacity regulator, accumulator or pressure gauges; and 2) the
applied pressure can be measured directly from the dead 1oad on the
hanger, no precalibration is required. A compensating lever at the
top of the frame is used to coUnterba]ance the weight of the lower

| 1éver beams. Therefore, the beams are in a free and ba]anced'condition |
when there is no weight app]iedbto the lever and the applied loads on
the hénger are transferred to the soil specimen without ahy corrections.

Heating unit. - This unit is shown in Fig. 6. A one inch thick
insulating fabric separates the steel double wall of the heating oil
bath. Heat wasapp]ied by two e]ectkita1 heating elements, enclosed in
copper cases. One of the elements was bent in a circular shape which
easily fits around the consolidometer. The otherwas located at the
side of the o1l bath to generate additiona] heat for test temperatukesb
higher than 158°F (70°C). The heating elements were connected to
rheostats to control the current passing through the eiements. By
adjusting the current the temperature of the oil bath was controlled.
An electric motor-operated stirrer was used to maintqin a uniform
temperature inside the oil bath. The temperature was moni tored
throughout tests by means of a thermometer.

Back pressure and volume measuring device. - The top and bottom
drainage pipe of the consolidometer were connected to a Wykeham-Farrance

water and mercury pot back pressure device. This equipment is shown
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schmematically in Fig. 7. When the consolidometer was heated above
room temperature, a thermal gradient was established between the sedi- N
ment and water 1n the consolidometer and the water in the volume-
measuring device. The mercury back pressure system produced a pressure
gradient in opposition.to the thekma] gradient to prevent water f]ow
from the consolidating sediment. The device was calibrated at various
temperatures, and the calibration curve is shown in F1g 8.

During the process of consol1dat1on or un]oad1ng of the samp]e
and during the measurement of the permeability of the sample, the |
height of the water in the vo]ume measur1ng device exper1enced a
substantial change. The mercury pot which hangs on a spring of |
appropriaﬁe stiffness, automatically adjusts to its own level as the
height of the water changes so that a constant back pressure head is
maintained throughout the test.

The change in volume was indicated by the meniscus between the
redfdyed kerosene and water inside the inner graduate tube of the
volume-measuring unit. | | |

Permeameter. - A piston cylinder mechanism and dead weight lever
system, identical to the consolidation unit, was used to’produce the
hydraulic pressure for the permeability tests. Sea weter\Nasforced
from the permeameter through the soil sample, and the volume of flow was
measured by the volume measur1ng dev1ce

A1l the tubing, valves and fittings connected to the conso]1dometer
and the permeameter were des1gned to withstand pressure greater than
10,000 psi (69,000 kN/m2). The high pressure valves and fittings were

manufactured by Highpressure Equipment Company, Erie, Pennsylvania. A
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piéture of the'equipment in operation is shown in Fig. 9. Vv

Description of Samples

The effect of temperature on the compressibility and pefmeabi]ity
of clay sediments can be best be studied with uniform homogeneous test
samples. To minimize the effect of the difference in cores, the bulk
of the consolidation and permeability tests were performed on samples
identically prepared froﬁ single batches of coﬁmercia] clay mineral
powders.

Dr. William Bryant, Oceanography Department, Texas A&M Uhiveféity,‘
made available an undisturbed marine core. It was taken by the deep
ocean dri]]éhip "Glomar Challenger". The core was taken from a depth of
690 ft (229 m) below the mudline in the Angola Basin in the Atlantic
Ocean. The water depth was 1500 ft (4570 m). The core number was Leg
41, Site 369A,‘Section 20-4, 134-150 cm. A core adjacent to the
undisturbed sample core was ground up in a blender and was used to
prepare the remolded‘sample which was tested in the same was as the
commercial clay samples were prepared and tested. The engineering
indices of all samples are given in Table 1. The mineralogical ana]ysié,

’as‘determined by X-ray defraction is given in'Tab1e 2.

Experimental Procedure

The progressive burial process df a marine sediment starts with a
very high porosity slurry and it takes thousands of years for the over-
burden to accumulate to a depth where overpressure zones are

normally found. Since it is impossible for a laboratory test to
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:operate over such a long period of time, the soil samples were
subjected to incremental constant‘stresses, and the change in volume
due to secondary consolidation was ignored..

Experiments performed on different samples at_various'éonstant
temperatures are given in Table 3. The experimenta] procédures'are
as follows:

1. Préparation of samples.

a. Remolded sample - Ground dry clay that pasﬁed a No. 40
sieve was mixed with synthetic sea water to form a slurry.
The slurry was deaired by shaking and applying vacuum
to the containing flask for approximately 8 hours. After
the slurry was transferred to the consolidometer, vacuum
was applied to the slurry for another 12 hours (to further

~assure the system was totally deaired and saturated).

b. Undistukbed sample - The'sample core was trimmed directly
into the cohso]idation chamber. The entrapped air in the
pore water was redissolved by the application of a back
pressure of about 1 atm. pressure. After consolidation
under the first load of 45 psi (300 kN/mZ), the back
pressure was not needed and was removed.

2. Temperature adjustment.

For consolidation tests at elevated temperatures the
consolidometer was placed in a hot oil bath. By heating the

011 the desired testing température was maintained constantly

throughout the test. The back pressure used to prevent thermal

gradient flow is shown in Fig. §.



Fig. 9 - Consolidation Test in Operation

41
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TABLE 3 - Experiments Performed at Various

Teniperatures

Test No. Mineral or Core Temperature
K-20 Kaolinite 20°¢
K-60 Kaolinite 60°C
K-90 Kaolinite 90°¢C
1-20 Ilite 20%¢ -
1-60 [lite 60°C
1-90 Ilite 90°¢C.
B-20 Bentonite 20°C
B-60 Bentonite 60°C
B-90 Bentonite 90°C
M-U Marine Core (Undisturbed) 20°C
M-R Marine Core (Remolded) 20°¢C

45
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Consolidation test.

Samples were consolidated under a constant load until they
reached 100% primary consolidation. The change in volume
was measured by both the dial extensometer and the‘volume- _
measuring unit. The time between each reading was twice the
preceding time interval between readings. For each test the
change in sample height or the "dial reading" was plotted
as a fUnction.of the log of time. These curves were used
to compute the time to 100% pr1mary conso]1dat1on (25). A
samp]e dial reading-log of time curve is given in F1g 10.
The 100 percent primary consolidation is Tocated by extending
the straight line portion of the curve representing secondary
consolidation back to its intersection with a tangent drawn
to the curve at its point of inflection (25). When 100%
primary consolidation was complete and the sample height had -
stabilized under the load, the consolidation load was doubled
and the measurements of height change due to drainage were
repeated. This procesS was continued until the stress on the
~sample was approximately 10,000 psi (69,000 kN/mz).

The same procedure was used for unloading and reloading.
Example calculation for the change in porosity (or void ratio)
as determined by the change in the sample height are given
in the Appendix.

The consolidation tests wére performed at three different
temperatures; 63°F (20°C), 140°F (60°C) and 194°F (90°C) for
each of the three clay minerals. Both tests on the undis-

turbed and remolded marine core samples were performed at
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DISCUSSION OF THE TEST RESULTS

Consolidation

Ordinarily in a consolidation test, the final void ratio (when
drainage is comp]ete) is plotted against the 1og of total vert1ca1 1oad
on the sample (45). It is called the "e-Tlog o" curve. Tables 9
‘through 18 1r1Append1vaII gives the fina] void ratio, e, tnatvresult-
ed from each‘total load on each sample. Fig.. 11 and Figs. 25
through 34 in Appendix IV show the plots of the results for loading,
~unloading and reloading. These plots show that the slope of thé
e-log o curve tends to flatten as the load is increased. Obvious1y.
there is no linear relationship betneen the void ratio, after complete
drainage, and the log of the 1oad. _These results were expected’because |
the load, to cause zero void ratio, must be enormous . Katherman and
Bryant (18) observed similar phenOmena‘with‘thejr consolfdation tests o
~on marine core samp]es; IR ‘ |
Tables 9  through 18 in Appendix IIIIa]so snow’the sampTe 
porosity ratio that corresponds to each of the consoTioation.loads Whén
the pore pressure is zero. When the log of 1oad‘is plotted against
the log of the porosity ratio as il]ustrated in Figqg. 12, and also

shown in Figs. 35 through 42 in Appendix IV, it is seen that a

. straight line f1ts the data very we]] These straight lines

represent the "power law" funct1on for the force in the m1nera1 struc- |
ture on]y The slope of the 11nes corresponds to the constant B and
the intercept of the 11ne at the porosity ratio of one corresponds to

the constant A in Eq. 11.
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temperature 68°F. (20°C)).
Rgrmeabi]ity test.

When the consolidation was completed for a given,]oad‘on
a_sampie, its permeability was measured by forcing sea water
fhrough it. An hydraulic gradient was applied across the
sample to cause the flow through the sample. A sufficient
hydraulic pressure was selected so that a measurable rate of
flow would result. Care was also taken to keep the hydraulic
pressure below the consolidation pressure at all times during
the permeabi]fty tests. The flow of sea water was measured by
the vo]ume-measuring device. Wifh the measured amount of flow |
and the applied hydraulic gradient, the permeability of the
sample was calculated by using Darcy's_]aw; Details of this
calculation are shown in Appendix V. Table 8 in the appendix
~gives the test data used to compute the permeabilities for

each sample at the various temperatures.
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The compressibility coefficient A and B for each sample for both

~ loading and unloading is shown in Table 4. These results were obtained
by Tinear regression analysis. As can be seen in Table 4, the correla-
tion coefficients are excellent. The plot of compressibility coeffi-
cients versus different temperatureé are shown in Figs. 13 and 14. The
results ofteSts on illite and bentonite indicate that an ihcrease in
temperaturewdoes not have any sighificant effect oh the Compressibility.
However, the test results on kaolinite, as shown in Figs. 35, 36 and 37
~in Appendix 1V, show'that the compressibility Qf the mineral increase§
‘_slightTy With an increase in temperature.

Experiments on the marine core as shown in Fig. 15 show that at
pressures below 700 psi (4,830 kN/mZ) the undisturbed sample had a
higher compressibility than the remo]ded sample. However, the
difference in the porosity ratios between the remolded and undisturbed
 samp]es decreases and finally vanishes when the pressure reachs 1500

psi (10,250 kN/m?).

Permeability

| Tab]es 9 through 18 in Append1x IIT give the permeab111ty for each
samp]e at the different temperatures and poros1t1es The calculated
values of absolute permeability are shown, also.
’ Because of the previous work by Thompson et al. (47), the log of
the permeability was plotted against the Tog of the porosity ratio.
Figs. 16 through 18 show that these permeability data at each

temperature can be represented by a power law function of porosity
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ratio as given by Eq. 21. The test results indicated that the
permeability increases with temperature. Similar plottfngs of the
absolute permeability and porosity ratio shows that a power law can
represenf all the data for each material. This is shown in Figs. i9
through 21. The absolute permeability is the permeability times the
water viscosity divided by the water density. Thus, the constant C
becomes a function of temperature for the abso]ute permeability and
the constant D is the same for both the permeability and the absolute
- permeability. Thekplot of constants C and D versus temperature are
shown in Figs. 22 and 23.

The best fit of these data was found by linear regression analysis.
Table 5 gives both the permeability and absolute permeability constants
C and D for each material tested. The excellent corresponding o
correlation coefficients are a]so given in the same table. When all
of the absolute permeabilities for each material were used to get the

best fit it was found that

k = 0.296 n°*71 for kaolinite R® = 0.96

k= 0.836 n”*3* for i11ite - R2-o0.97
and k= 0.0098 nB-%% for bentonite | R? = 9;22
where k is the absolute permeability in millidarcies.

In general, the experimental results agree with previous measure-
-ments on the pérmeabi]ity of clay. The direct measurements performed
on the bentonite samples consolidated under the pressure of 10,000 psi

(69,000 kN/m2), indicated that the permeability of the clay mineral
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at the temperature of 68%F (20°C), and 194°F (90°C) are 3.1 x 107'3

cm/sec and 1.1 x 10712

cm/sec respectively. These measurements

coincide with the results. published by Kharaka and Smalley (20).
The permeabilities of different clays vary by two orders of

magnitude. At a porosity ratio equal to 0.3, the permeabiiity of‘v

-10

kaolinite is equal to 2.3 x 10 cm/sec, that of illite is equal to

8.1 x 10'10 cm/sec, and for bentonite, the permeability is equal to

5.1x 10713

cm/sec. The permeability of kaolinite, illite and bentonite
decrease in that order. These results also agree with the results
suggested py Lambe (22).

Experiments on the marine core (see-Fig. 24) indicate no signifi-

~ cant change in the permeability between the undisturbed and remolded

samples.

Effect of Salinity on the Atterberg Limits

~ When sea water was substituted for distiiTed water, the liquid
) limit of bentonité changed substantially from 288% to ]23;5%. The

. liquid 1imitlof the marine clay sample changed from 72% to 62.5%.

I11ite had an insignificant change of about 2%. A 2% increase of

Tiquid 1imit was observed for kaolinite. The saline water seemed to.
have no significant influénce on the plastic Tlimit. These results

are given in Table 1. |

| Bentonite consists prédominate]y of Sodium montmbri]16nite§ Ank'

increase in salinity results in an increaﬁe in thé e]ectro]yte‘concentra-
tion. Warkentin (48) has shown that the liquid limit of sodium montmo-

rillonite decreases when the electrolyte concentration increases. His
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interpretation may be used to explain the phenomenon.

. It (11qu1d 1imit) also can be 1nterpreted as
the distance between particles or between structural
units of particles at which forces of interaction
between the clay particles become sufficiently weak to
allow easy movement of particles or units relative to
each other . . . . An increasing salt concentration,
which results in a decrease in interparticle repuil-
sjon decreases the liquid 1imit. The repulsion
between particles can be considered to determine the
interaction volume, keeping the particles in a fixed
configuration with respect to each other and preventing
~ free movement. As the repulsion is decreased, the :
particles become free to move at lower water contents
or lower interparticle d1stances, and the liquid
1imit decreases.

Correlation of the Compressibility and Permeabi]ify with‘Sbi]“IhQicés

Consolidation. - An attempt was made to relate the compressibility
coefficienfs A and B to the liquid limit, plastic 1imit and the percént
clay of each sample. In order to get a better spread'of materials,
additional consolidation data were obtained from both the Oceanography
Department and the Geology Department at Texas A&M University. Table
20 in Appendix III ]1st$ the fifty sets of consolidation data with
thé‘correspbnding compressibility coefficients, Tiquid limits, plastic
]1m1ts and the percent clay for each samp1e |

A s1mple mu1t1p1e regress1on analysis computer program was used to
analyze the dataﬁ It is written in FORTRAN 1anguage and g1ven in
Appendix III. |

It was assumed that fheICOmbressibility constants could Be
expressed by a génera1ized power’Series of the:thfee variéb]es 1iqu1d
Timit (wﬁ), the plastic limit (wp) and the percent clay (%C). It was

also assumed that various terms in these series would dominate and



70

that the other terms could be ignored. By trial and error, various
terms of the power series were selected to express the compressibility
ébefficients as a polynomial of the three variables. The 50 sets of
data then were used to compute the unknown constants. Table 6 shows
the different‘po1ynomia1s tried and the computed constants. The
'coefficient of determination (Rz) is also shown.sz, the measure of the
goodness of fit of the data, hasavalue of unity when the fit is perfect.

For the compressibility coefficient A, the best polynomial of
the variables yielded is R2 = 0.84. However, there are 17 terms and
it is doubtful that}such a complicated function\cou]d'have much
_practicaT use. | | |

For the.compressibility coefficient B, the best polynomial of
the variables yielded an R2 = 0.41. It also has 17 terms. The
correlation is unsatisfactory and the function is much too complicated
for practical use.

~ The maximum consolidation stress and the minimum porosity develop-

ed during the tests’aréa]soshowan1Tab1e 20 in Appendix III. It can be
seen that the results from other studies, with nine exceptions, are for
tests at much Tower maximum pressures than the test performed during
this study. Most of the data are limited to a very low pressure range.
Even‘though‘all the correlations for the compressibility coefficients
are excellent the compressibility coefficients computed for all the
data do not correspond to the same pfessure range. The large
difference in the pressure range may have affected the correlation.

It has been suggested by R. L. Lytton that the shrinkage limit

‘may be a better index because the porosity at the shrinkage limit
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TABLE 6}-4Functions of the Compressibility Coéfficients;

A and B in Terms of the Material Properties

Coeffi-
cient of
Compressibility _ Determi-
Coefficient Function nation
o2
A 5.7 x 10° W, 0.805 0.02
A 1.44 wp‘°'56 0.01
A 6.67 x 108 4c2-48 0.14
A 0.017 w£3’09 w 313 0.15
p
A 1.0 x 107° w£‘°'23 5c2-03 0.14
A 6.86 x 10° w ™' %7 4c>°! 0.23
A 1.15 x 107 w 22 wp'3'60%C3']0 0.30
A - 6.27 + 0.104 WRO'S +2.68 wp'°°56-o;394
4c?-#8.0.0787 w23'09wp'3']3+0.629 x 1073
-0.234 2.63 4 2.24 -3.64
w2 wp +0.888 x 10 wz : va
5¢3-99_0.668 x 10‘3wp4-98%c3'61 0.79
A -2.26 - 0.05 w, - 0.02 wp + 64.0 log W, -
32.1 log wp -30 Tog %C + 0.1 %C 0.18
A - 2.31 +0.0037 w, - 0.71 W +0.17 %C +

b %C "o
25.9 (B - 8.1 58 + 6.3 gF + 0.002 wy - w ¢




TABLE 6 - (Cohtinued)
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Coeffi-
Compressibility cient of
Coefficient Function Determi-
nation
R
8 x 10‘4wp - 9 0.55
w w2
A 2.6 + 8.4 x 10° — o131 . () 4
I w
4 w_%C 2
p*
3
W W
Py % 4 "%
138 () - 2691 - 4.15 x 107 —2— +
L p wp%C
w W "y
4032 —5 - 1.4 x 10° P~ 907 Ag + 4.3 x
WSZ, WSL WR,
104 %g 0.58
w
2
. w
A -51 +0.5w -4.0w + 0.4 %C + 433 P
I3 P | W,
% . .0 Y W %
- 32 0%+ 40 o - 8414 —B - 222 2 -
2 W W
) 2 2
w_%C w W 2
1.3 2 — _ 4780 —P- + 6.8 P _ 910
w w %C W
2 . 2 L
2 3 2
w w w_%C
(-B) + 423 (-2) + 0.008 -2 0.78
W W W
L2 L2 . 2
w 3 w 2 w
- Ay 2 I
A 21.2 +0.97 (&) - 62.5 (4 + 36 2+

p P %
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Coeffi-
Compressibility cient of
Coefficient Function Determi-
' nation
o2
W W
£ 59.7 oL 4 382 ——7-- 1.0 x 10 ——5-- 660
b W W
P p
oW ' W W
B+ 7.8x 10° —B + 7.3 x 105-——§ -
w W
2 £ p
- W 2
- 2.5x 10° p4 9.6 x 107 (~—9) + 2.1 x
-
2 JL
Ww. 2 W
10% P+ 2.0 x 10 2 - 478 Do 0.70
Wo“%C W, “%C 9" )
A - 51.5 + 13.3'wp - 217w, + 0.53 %C + 71.1
W w W
L _ 18.6 é—-+ 23.8 % + 2037 —& - 98.73
w %C 2
p b W,
W P W o
—% .78 ‘CZ - 0.59 &‘C _ 1610 ;c + 1.1
w w p
p 2
wzz Wg3 ", 2 ", 3
W - 0.062 o 43 (W“) + 2.95 (W_) +
p p P p
wQ%C2 |
0.003 £ 0.54
p
%C w,’
/;C % 9,
A - 10 + 15 Kb - 205.8 2y - 0.27 g+ 1.7 x
9, WQ 3
4 aC %c Yo "b
10 ~3 - 22 . + 16 52 + 0.002 g~ - 0.6
p
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S Coeffi-
Compressibility cient of
Coefficient Function Determi-
nation
:
0 W 9
%4930 & - 1.2 x 10° 2L 0.55
2 7 3
W,Q, . w,Q,
A - 23.9 + 0.06 w, - 0.148 wp + 60 log W, -
23.71 log Wy - 316 log (w2 - wp) - 2.7
W - W
2 " "
ot 0.55
B - 198 W20'34 0.08
B - 1.06 wp0'60 0.23
B - 14.42 3¢~ 0-119 0.006
- 0.25 0.8
B - 1.5 wl Wp‘ 0.24
B - 6.0 w, 0-92 ¢ 0-46 0.15
B - 5.42 w£0’83 gc 099 0.35
B - 5.75w," 0.09 wpo.9 qc = 0-97 0.35
B - 8.42 + 111.6 w20'34 - 79.5 wp°°6+nz9.3
2™ 0124975y 0% pr.S; 195.4w,0-°2




TABLE 6 (continued)

Cdeffif

Compressibility cient of
Coefficient Function Determi-
nation
¥
yem 0-46 _ ggp W, 0.09 wpo.ag 5057
856.2 wp0'83 ge™ 0-59 0.33
B +5.55 + 0.074 wy - 0.27 w, - 10.58 1log
W, - 17.5 log wp + 15.8 Tog %C - 0.026 %C 0.31
B - 0.25 + 0.14 w, - 0.33 W, - 0.31 %C -
w W
P %C _ - i
7.04 W + 8.8 W, 5.6 %g- 0.0017 w,
* v+ . [" oo | .
W, 0.0055 w, %C 0.34
B +78.7 - 0.4 W, + 3.6 w - 0.06 %C- 522.7
W | 5 W W .,
P 1.5 10°%C _ 330 _ 4102 B -
W, W, C 2
, W
W o 4 W ‘
8 x 10¢ —P 416 x 104 —ég-- 0.21 —B +
W W w
L2 2 '3
A MM Wp°
].4 X ]0 WQ%C - 5-8 WQ/ + 0.015 'W‘QT_'{'
2
. w2 w. 3 w_%C
1.6 x 107 () - 997 ((B) +0.01 B— 0.38
2 Wy Wo
w
B +720 - 2.1 w_ +3.6w -1.3% - 1222+
. p 2 w

p
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, Coeffi-
Compressibility cient of
Coefficient Function Determi-
: nation
¥:
%C v 4
+ 36 2~ - 37 ~4516 + 2.4 x 10
w AC 2
P W
p
: W, w %C w
~—+139/—C-2—+11 +2.9 x 103 i}c
wp p P
w 2 w 3 WQ 2 W,Q;3
2.1 —%~+ 0.004 W’L—+,86.3 (%) -6.05 (=)
p p p p
'7c2
W 0.41
p
£ W )2
B + 58.9
W %C2 : Wm
3 p
W o W
(-B) - 7861.8 2L 0 70.4 —% 1 6962
w 4 w_%C
% (w_) p
p
. 2
AC wz‘ w2 2
28114.2 %g 0.35
w!L
3 2
w w W
B - 235+1.25 (W—%)‘ -23.3 (V—V&) +103 2 +
p p v,

w w w w
129 %833 —%4+ 20555 —L44870 P
W 2 3 2
p Wy Wy W,




TABLE 6 (continued)

7

' Coeffi-
Compressibility cient of
Coefficient Function Determi -
nation
W
w w,Q, W 2
- 214712 -Jsl - 179988 —7 + 76177 (—5) +
W,Q, Wp ,wz
W oW
7296 —Zﬂ— - 444 -w—% 0.36
u“%C 8°
%C %C W2
B - 11.3-18.3 22+ 427 24 - 0.44 P~ - 3318
wp 2 %C
w
p
%C . na 4%C W ﬂgi '
$+43 £2-0.33 %{’q 0.003 b= - 2010
W p
p
%C v %C '
5+ 5.31 g¢ + 32463 5 0.33
w v W
2 L
B - 2.0 + 0.01 w, - 0.07 wp + 23.6 log w, -
' W, -W C
20.9 log wp-10.3 Tog (w,-w.) - 2.2 AP 0.26

p /o

w, 1s the liquid limit

wp is the plastic limit

%C is the % clay content
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resembles the porosityAdeveTOped under high pressure cohsoiidation. |
However, the suggestion was made too late to be included in this study.
Permeability. - The same technique was used in the attempt to
relate the permeability constants C and D to the Atterberg limits.  The
results of nine different permeability tests, tabulated in Table 21,
in Appendix III, were used for the analysis. Table 7 shows the
function for C and D and the coefficient of determination. The‘R2 of
thé best fit functions for C and D are 0.36 and 0.35 respectively.
These functions indicate that no good correlation could be found bet-
'wéén the liquid 1imit, plastic limit and the‘permeability constants.
However, the data héd a‘very 11mited range. A more thorough
study could have been performed,if more“experiménta] data had been
available. It may be that the percent clay and the shrinkage limit
would have been additional indices of value. When ﬁhese indices were

suggested there was not time to include them in the study.
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TABLE 7 - Functions of the Permeability
Constants C & D in Terms of the
Material Properties

L Coeffi-
Permeability . cient of
Constant Function Determi-
nation
(R%)
C 0.0033 - 0.23 x 1074 W, + 0.77 x 107 ¥,
. -5 : ,
+0.14 x 1077 (w, - wp) - 0.04
c ©0.05 + 0.56 x 107wy + 0.16 x 107 W,
. _4 i
- 0.18 x 10 Wy W, 0.35
C 0.36 x 1072 w,~3"! 0.19
c - 5.1 wp‘°'524 | 0.01
c 0.38 w300 028 0.20
c 0.015 + 28643 w, o1 + 0.087 wp'0'524
- 59017 w,~ 306, ~0-28 | | 0.36

Y

D 10T - 0017 wg + 0.002 wy + 0.012 (wg = wy) | 0.06
D - 30.3 + 0.45 wy + 1.29 w - 0.014 (wy « w) | 0.35
D 0.922 w,0-0167 0.001
D 1.09 w "0-08° | 0.03
D 1.04 w,0-029, -0.087 0.03
D 18166 - 16645 w0 0167 _14072 wp‘°'°25 |
0.029,, -0.087 | 0.1

|+ 12185 wy, .

W, is the Tiquid Timit
Wp is the plastic limit
9C is the % clay content
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'CONCLUSIONS AND RECOMMENDATIONS

In an effort to aid in the development of a method to estimate
downho]e or formation pore pressure in overpressured marine éediments
ufa sequence of consolidation and permeability tests have been perfqrmed
~on the major types of clay minerals. The pressures ranged from 46 psi
(0.32 kN/mZ) to 10,000 psi (69,000 kN/mz) and the temperafures ranged
from 69°F (20°C) to 194°F (90°C). An effort was made to relate the
eompressibility coefficients and permeability constants to the liquid -
limit, plastic Timit and percent clay. BaSed on the results obtajned;
' :conc]asions are drawn as follows: »

‘1.‘ With high pressure consolidation, temperature does not seem
to affect the compressibility of bentonite and i1lite. However, the
compressibility of kaolinite increases slightly with an increase in
temperature;

2. The compressibility of clay can be very well deScribed by the
power law function of porosity ratio.

3. It was found that the coefficients of the power Taw _
representat1on for compressibility could be related to the 11qu1d
]1m1t, plastic 1imit and percent clay. However, 17 terms were required
to get a R2 of 0.84 for A and 17 terms were requ1red to get a R2 of
0 38 for B. These functions indicate that 11qu1d limit, p]ast1c Timit
and percent c]ay are not the best parameters for the descr1pt1on of
h1gh pressure compress1b1]1ty

4. The compressibility of the remolded sample for Angola Basin
is lower than that of the}undisturbed sample. '

5. The liquid Timit of bentonite is much Tower if sea water is
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used instead of distilled water. It is believed that the concentra-
tion of exchangedeé'catibns affects the liquid limit of_bentonite.
6. The permeability of the clays can be described by a power
law of the porosity ratio. As the temperature was increased the
permeabiliiy increased.
7. No good relationship could be found between the permeability

2 of the best

constants and the 1iquid Timit and plastic 1imit, The R
fit funétidns for C and.D“are 0.36 and 0.35 resbettive]y; Thisv
indicates that the ]iquid limit and plastic limit alone are not the
preferable parameters for the.description of permeability. |

" In order to understand more about the behavior of the marinef
sediments, new investigations are suggested. These are: »

1. Development of the relationship between the‘Compressibi1ity
and permeability coefficients A, B, C and D and thé"mineralogy:of.
sediments. The shrinkage limit may also be a good indicator of these
descrfptioné; |

2. Furthef expekiments on'fhe’¢6mpressib11ity'of both remdeed
and undisturbed Samp]es of various types of marine sediments are

needed to validate the app]icatioh of lab test data to actual field

conditions.
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NOTATION

compressibility coefficient,
experimental constant,
cross-sectional area of soil,

the ratio of grain-to-grain contact area to the total area,

‘compressibility coefficient,

experimental constant,
permeability constant,

compression index,

a factor depends on the pore shape, specific surface area,

and the ratio of length of actual flow path to soil bed
thickness,

the compressibility of porous material,

the compressibility of solid substance,

percent clay content,

permeability constant,

area ratio parameter

void ratio, \

experimental constant reflecting the compressibility,
force aCting on the mineral matrix per unit total cross-
sectidn area,

experimental constant,

sample height,

the bulk modulus of the solid,

the intrinsic bulk modulus of the solid,



height of solid,
height of water,
hydraulic gradient,
absolute perneability,
permeability,
porosity,

pressure difference between top and bottom
flow rate,

pore pressure,

volume of solid,
vq]Ume of water,
weight of solid,

total weight of soil,
weight of water, |
moisture content,
Tiquid Timit,

plaStic Timit,

experimental constant,

experimental constant,

unit weight,

unit weight of solid,

unit weight of water,

parameter due to the shearing resistances,
viscosity,

viscosity at temperature of 20°c,

viscosity at temperature of TOC,

of the sample,

89
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the étress acting on the solid matrix,

total Stress, |

the angle of shearing resistance of the porous material,

the angle of shearing resistance 6btained from the normal
consolidation undrained test,

the angle of shearing resistancebobtained from the test with
negative pore pressure,

the angle of intrinsic shearing resistance.

P
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TABLE 8 - Permeability Test Data
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. : 5 =
rest | weign | Ravio | (L | o | Tlonfare ] perage
1000) (cm/sec)
K-20 | 0.693 | 0.449 271 0 1.4
362 0 2.0
453 0 2.5 4.0 x 1077
k-20| 0.642 | 0.405 362 0 1.0
| 543 0 1.5
724 0 2.2 | 2.35x 1077
k-20| 0.5751 | 0.336 904 0 0.7
- 1266 0 1.0
1628 0 1.3 6.11 x 10710
k-20| 0.5199 | 0.266 | 1440 0 0.3
1980 | 0 0.4
2700 0 0.7 1.74 x 10710
K-60| 0.709 | 0.529 47 2.5 0.50
| | 93 2.5 1.00
137 2.5 2.1 1.05 x 1078
K-60| 0.65 0.489 92 2.5 0.6
137 2.5 1.3
| 183 2.5 2.3 7.68 x 107
K-60| 0.604 | 0.447 182 2.5 1.3
363 2.5 3.8 6.36 x 107°




TABLE 8 - (Continued)

Sample
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_ . Porosity | p* pB** Flow Rate | Average
Test Hezgm.)H Raﬁm (psi) (psi) (m%ggc):x Pen(rrg;e/usaél;ty
K-60 | 0.550 | 0.393 182 | 2.5 0.7 |

363 | 2.5 1.6

542 | 2.5 2.5 2.77 x 107
k60| 0.51 | 0.345 365 | 2.5 0.7

542 2.5 1.1

| 722 | 2.5 1.5 1.20 x 107

K-60 | 0.469 | 0.288 542 | 2.5 0.5

%2 | 2.5 0.7

1322 | 2.5 1.1 4.70 x 10710
K-60 | 0.443 | 0.246 722 | 2.5 0.3

1442 | 2.5 0.7

2162 | 2.5 0.9 2.33 x 10710
K-90 | 0.774 | 0.542 104 14 0.7

125 | 14 8 | 4.69 x 107
K-90 | 0.674 | 0.474 150 14 .3

195 14 3.8 1.01 x 1078
K-90 0.623 | 0.431 240 14 2.6

330 14 4.3 5.49 x 107
K-90 |  0.537 | 0.340 558 14 4.0

740 14 5.3 3.51 x 1077
K-90 | 0.517 | 0.313 558 14 1.8

738 14 2.3

920 14 3.2 | 1.25x107°




 TABLE 8 - (Continued)

94

‘ Sample Porqsity pT* pB** Flow Rét-e Average. .
Test | Height H | Ratio (psi) | (psi) (me/sec x | Permeability
(in.) n 1000) (cm/sec)
k-90 | 0.486 0.270 920 | 14 1.3
1195 | 14 1.7
1458 | 14 2.2 4.76 x 10”10
K-90 | 0.457 0.223 1434 | 14 0.8
2175 | 14 1.3
2894 | 14 1.6 1.55 x 10710
1-20 | 0.936 0.453 45 0 0.8 2.02 x 107°
1-20 | 0.873 0.413 90 0 0.1
| 135 | 0 0.2 1.43 x 107
1-20 | 0.819 0.375 180 0 0.16
270 0 0.2 8.86 x 10710
1-20 | 0.773 0.337 360 0 0.16 ,
540 | 0 0.22 | 4.26 x 10710
[1-20 | 0.728 0.297 720 0 0.10
1080 0 0.15 | 1.7 x 10710
1-20 | 0.692 0.26 720 0 0.04
| 1440 0 0.06 | 4.13 x 10"V
1-20 | 0.667 | 0.233 | 1080 | o0 0.05 | 3.49 x 1071
1-60 | 1.127 0.751 92 | 2.5 0.19
138 | 2.5 0.39 | 3.32x 107
1-60 | 1.038 0.380 182 | 2.5 0.20
273 | 2.5 0.38 | 1.59 x 1077

o



TABLE 8 - (Continued)
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Sqmp]e Porqsity pT* p.** | Flow Rate | Average
Test | Height H | Ratio (psi) | (psi) (me/sec x | Permeability
(in.) n : 1000) (cm/sec)
1-60 | 0.965 0.333 362 | 2.5 | 0.20
| 542 | 2.5 0.28 6.03 x 10719
1-60 | 0.914 | 0.295 723 2.5 0.17
1082 | 2.5 0.11 1.78 x 10710
1-60 | 0.821 0.215 | 2883 | 2.5 0.10 |
4322 | 2.5 | 0.09 2.71 x 107"
1-60 | 0.791 | 0.186 | 5043 5 0.05 1.02 x 10711
1-90 | 0.940 | 0.441 105 | 14 0.37
| 150 | 14 1.1 | 4.95 x 107°
1-90 | 0.872 0.398 194 | 14 0.59 |
230 | 14 0.83 3.65 x 107°
1-90 | 0.805 0.347 375 | 14 0.42
553 | 14 0.76 | 1.26 x 107°
1-90 | 0.748 0.298 733 | 14 0.38 4.15 x 10710
1-90 | 0.707 0.257 | 1095 | 14 0.45 |
1455 | 14 0.2 1.19 x 10719
1 1-90 | 0.666 0.212 | 2895 | 14 10.09 |
433 | 14 0.15 2.67 x 10711
1-90 | 0.640 0.180 | 4330 | 14 0.02 4.12 x 10712 |
B-20 | 0.365 0.43 2522 0 0.008 | 3.97 x 1072
B-20 | 0.343 0.364 901 0 0.005
1263 0 0.016 | 1.25 x 10712




TABLE‘ 8 - (Continued)

Sample

96

Porosit * x& ' o
Test ”?}gﬁg i | Ratio ’ (Sli) (Egi) (moysoe s é:ﬁgggsility
1000) - (cm/sec)

B-20 | 0.324 0.327 | 3600 0 0.005 | 5.24 x 10713
B-20 | 0.306 0.287 | 5044 0 0.004 | 3.12 x 10713
B-60 | 0.592 | 0.561 138 2.5 | 0.053 | 2.51 x 10710
B-60 | 0.527 0.507 273 2.5 | 0.028 | 6.51 x 1071
B-60 | 0.471 0.448 542 2.5 | 0.0] 1.11 x 107!
B-60 | 0.437 0.405 | 1083 2.5 | 0.01 5.01 x 10712
B-60 | 0.407 0.361 | 2162 2.5 | 0.010 |1.60 x 10712
B-60 | 0.383 0.321 | 3602 2.5 | 0.069 | 7.48 x 10713
B-90 | 0.848 0.55 134 14 | 0.07 6.00 x 10719
B-90 | 0.753 0.493 195 14 | 0.02 9.73 x 1071
B-90 | 0.682 0.441 655 14 | 0.015 |1.88 x 1071
B-90 | 0.633 0.397 | 1095 14 | 0.013 |8.80 x 10712
B-90 | 0.598 0.362 175 14 | 0.011 | 3.69 x 10712
B-90 | 0.558 0.316 | 2895 14 | o0.010 |2.34x 10712
B-90 | 0.529 0.279 | 4335 14 | 0.007 | 1.09 x 10712
MU | 1.669 | 0.430 | 540 0| 1.8 1.71 x 107

M-U | 1.506 0.368 720 0 | 0.42 2.49 x 10”10
M-U | 1.376 0.312 | 1440 0 | 0.14 3.55 x 1071
M-U | 1.273 0.258 | 2160 o | 0.13 1.81 x 10711
M-U | 1.217 0.218 | 2880 0 | 0.042 |3.73x 10712
M-R | 0.773 0.524 25 0 | 0.167 |3.35 x 107




J

TABLE 8 - (Continued)

Sample

Porosity

p**

¥
ngf Hf}g?? H | Ratlo (Eli) (psi) E$27522t§ §Z$;:g§11ity
: 1000) (cm/sec)

M-R | 0.716 0.486 90 0 0.2

135 0 0.35 2.01 x 107
M-R | 0.662 0.444 180 0 0.23

270 0 0.35 9.84 x 10710
M-R | 0.614 0.401 360 0 0.17

540 0 0.28 3.51 x 10710
M-R | 0.5677 | 0.3521 | 720 0 0.133

| 11eo o | 033 |15 %1070

M-R | 0.533 0.311 | 1440 0 0.133 | 5.75 x 107
M-R | 0.482 | 0.236 | 2880 o | o0.084 |8.57 x 1071
M-R | 0.467 0.213 0 0.055 | 6.95 x 10712

*k

4320

Pressure at the top of the sample.

Pressure at the bottom of the sample.




TABLE 9 - Test Results for Kaolinite Consolidated at 20°C

Load Void Porosity Permeability Absolute

(psi) Ratio | (n) (cm/sec) Permeability
(e) (millidarcy)
0 4.475 | 0.817
90 1.373 | 0.578
724 0.815 |  0.449 4.00 x 1077 | 4.02 x 1073
1448 0.681 | 0.405 2.35 x 1077 | 2.36 x 1073
4320 | 0.506 | 0.33 | 6.11x 10710 | 6.13 x 107
10080 0.361 | 0.265 1.74 x 10719 | 1.75 x 1074
5761 * | 0.376 | 0.276
2880 * | 0.400 | 0.286
1440 * | 0.433 0.302
5761 ** | 0.387 | 0.279
10080 0.36 | 0.257
0 « | 0687 | 0.397

* unloading -

. ** reloading




TABLE 10 - Test Results for Kaolinite Consolidated at 609C '

Void

Load Porosity Permeability Absolute
(psi) Ratio (n) (cm/sec) Permeability
(e) (millidarcy)
90 1.343 | 0.573
180 1.222 | 0.529 1.05 x 1078 | 4.98 x 107°
360 0.957 | 0.489 7.68 x 1070 | 3.69 x 107°
720 0.810 | 0.447 6.36 x 1070 | 3.02 x 107
1440 0.647 | 0.393 2.77 x 1009 | 1.32 x 107
2880 0.527 | 0.345 1.20 x 10719 | 5.70 x 107
720 * | 0.578 | 0.366 |
45 * | 0.766 | 0.434
720 ** | 0.638 | 0.389
2880 ** | 0.506 | 0.336
5760 0.404 | 0.288 .70 x 10710 | 223 x 107"
10080 0.326 | 0.246 2.33 x 1079 | 1.11 x 107
4320 * | 0.350 | 0.259
45« | 0.611 | 0.3762

- * ynloading

** peloading
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TABLE 11 - Test Results for Kaolinite Consolidated at 90°C

Load Void Porosity Permeability | Absolute
(psi) Ratio (n) (cm/sec) Permeability
' (e) , (millidarcy)
0 |s.200 | 0.839
13.5  [2.039 | o0.671
136 [1.182 | 0.542 4.69 x 1078 | 1.53 x 1072
271 10.900 | 0.474 1.01 x 1078 | 3.29 x 1073
543 0.756 | 0.431 5.49 x 1077 | 1.79 x 1073
1480 [0.515 | 0.340 3.51 x 1072 | 1.14 x 1073
2960 [0.456 | 0.313 1.25 x 1077 | 4.06 x 1074
723 * 10.515 | 0.340 |
226 * [0.581 | 0.368
0* [0.800 | 0.444
720 *+ 0,565 | 0.361
2880 ** 10.431 | 0.301
5760 ** [0.370 | 0.270 4.76 x 10710 | 1.55 x 1074
10080  |0.287 | 0.223 1.55 x 10719 | 5.05 x 107>
2160 * |0.330 | 0.248
0* |0.600 | 0.375

* unloading

** reloading
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TABLE 12- Test Results for 1111te-Conso]idated at 20°C

Load Void Porosity Permeability Absolute
(psi) Ratio (n) (cm/sec) Permeability
(e) (millidarcy)
0 2.508 | 0.715
45 1.001 0.500
90 | 0.828 | 0.453 2.02 x 1077 | 2.03 x 1073
180 0.705 | 0.413 1.43 x 1072 1.44 x 1073
360 0.599 | 0.375 | 8.86 x 10710 | 8.90 x 107
705 0.509 | 0.337 4.26 x 10710 | 1.32 x 107%
1520 0.423 | 0.297 1.7 x 10719 1 117 x 1078
3150 0.352 0.260 4.13 x 10711 | 4.15 x 10™°
M2 * | 0.374 | 0.272
45 * | 0.496 | 0.332
1112 ** | 0.397 | 0.284
2334 ** | 0.357 | 0.263
4778 ** | 0.303 | 0.233 3.49 x 107"V | 3.49 x 10°°
10070 0.238 | 0.193
1925 * | 0.285 | 0.222
297 * | 0.359 | 0.264
1% | 0.457 | 0.314

* unloading

** peloading



TABLE 13 - Test Results for I11ite Consolidated at 60°C
Load Void Porosity Permeability Absolute
(psi) Ratio (n) (cm/sec) Permeability
' (e) (millidarcy)
90 0.980 | 0.495
180 0.750 | 0.429 3.32 x 1072 1.58 x 1073
360 0.612 | 0.380 1.59 x 107° 7.55 x 1074
720 0.498 | 0.333 | 6.03x107'9 | 2.8 x 107%
1518 0.419 | 0.295 1.78 x 10710 | 8.46 x 107°
3150 0.342 | 0.255
1518 * | 0.353 | 0.261
45 % | 0.465 | 0.318
1518. %% | 0.369 0.270
3557 ** | 0.318 | 0.24]
6000 | 0.274 | 0.215 2.71 x 1007V | 1,29 x 107°
10070 0.229 | 0.186 1.02x 1071V | 4.85 x 1076
4780 * | 0.236 | 0.191 | |
303 * | 0.340 | 0.254
45 * | 0.400 | 0.286
0* | 0.449 | 0.309

* un]oading.
** reloading
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TABLE 14 - Test Results for I11ite Consolidated at 90°C

Loading Void Porosity Permeability Absolute
(psi) Ratio (n) (cm/sec) Permeability
(e) (millidarcy)
90 | 1.104| 0.525 |
180 0.790 |  0.441 .95 x 1072 | 1.61 x 1073
360 0.660 |  0.398 3.65 x 1072 | 1.19 x 1073
705 0.532 |  0.347 126 x 1070 | 4.10 x 107
1520 0.426 | 0.298 .15 x 10710 | 1.35 x 1074
3150 0.346 | 0.257 1.19 x 10710 | 3.88 x 107°
702 % | 0.385| 0.278
45 * | 0.508 | 0.337
1170 ** | 0.398 |  0.285
3556 ** | 0.318 |  0.241
5759 0.269 | 0.212 2.67 x 10711 | 8.70 x 107°
10070 0.220| 0.180 4.12 x 10712 | 1.38 x 107°
2305 * | 0.260|  0.206
45 * | 0.398| 0.285

* un]oading

** peloading
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TABLE 15- Test Results for Bentonite Consolidated at 20°C

Load Void Porosity Permeability Absolute
(psi) Ratio (n) (cm/sec) Permeability
: (millidarcy)
0
90 1.712 | 0.631
180 1.175 0.540
360 0.958 | 0.489
720 10.830 | 0.454
1440 0.693 | 0.409
542 * 0.748 | 0.428
0 * 1.077 | 0.519
720 ** | 0.780 | 0.438
1440 ** | 0.677 | 0.403 3.97 x 10712 | 3.98 x 1076
2880 0.573 | 0.364 1.25 x 10712 | 1.26 x 1076
5760 0.486 | 0.327 5.24 x 10713 | 5.26 x 1077
10080 0.402 | 0.287 | 3.12x10° | 3.3 x 1077
4321 * | 0.484 | 0.307
“o0* | 0.898 | 0.473

* unloading
** reloading



TABLE 16 - Test Results for Bentonite Consolidated at 60°C

105

Load Void Ratio Porosity Permeability Absolute
(psi) (e) (n) (cm/sec) Permeability
(millidarcy)
0 8.4584 0.8943
90 1.9165 0.6571
180 1.2765 0.5607 251 x 10010 | 1.19 x 107
360 1.0277 0.5608 6.51 x 10711 | 3.09 x 107°
720 0.8112 0.4478 111 x 1070 | 5.27 x 107
1440 0.6819 0.4054 5.01 x 10712 | 2.38 x 107°
2880 0.5642 0.3607 1.60 x 10712 | 7.60 x 107
720 * 0.6392 0.3899
0 * 0.9657 0.4913
720 *+ | 0.7242 0.4200
2880 ** |  0.5577 0.3580 |
5760 0.4727 0.3210 7.8 x 10713 | 3.55 x 1077
10080 0.4015 0.2865
5760 * 0.4230 0.2973
0 * 0.7638 0.4330

* unloading

** yreloading
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TABLE 17 - Test Results for Bentonite Consolidated at 90°C

Load Void Porosity Permeability Absolute
(psi) Ratio (n) (cm/sec) Permeability
o (e) (millidarcy)
0
180 1.223 | 0.550 6.00 x 10719 | 7.96 x 1074
360 0.974 | 0.493 9.73 x 10711 | 3,17 x 1070
720 1 0.788 | 0.441 1.84 x 10711 | 6.00 x 1078
1440 0.659 | 0.397 8.80 x 10712 | 2.87 x 1076
2880 0.568 | 0.362 3.69 x 10712 | 1.20 x 1078
720 * | 0.633 | 0.388
0* | 0.901 0.474
1440 *+ | 0.618 | 0.382
2880 0.539 | 0.350
5760 0.463 | 0.316 2.34 x 1002 | 7.63 x 1077
10080 * | 0.387 | 0.279 1.09 x 10712 | 3.55 x 1077
4320 * | 0.426 | 0.299
0* | 0.825 | 0.45]

* unloading

** reloading



TABLE 18 - Test Results for Marine Core from
Angola Basin (Remolded) Consolidated at 200C

Load Void Porosity Permeability Absolute
(psi) Ratio (n) (cm/sec) Permeability
(e) ' (mi11i darcy)
0 4.941 | 0.832
45 1.337 | 0.572
90 1,102 | 0.524 | 3.35x1070 | 3.3 x 107
180 0.948 | 0.487 2.01 x 1072 | 2.02 x 1073
360 0.800 | 0.444 9.84 x 1070 9.83 x 107%
705 0.670 | 0.401 3.51 x 10710 3.52 x 1074
1520 0.543 | 0.352 1.54 x 10710 1.55 x 1074
2740 1 0.450 | 0.311 5.75 x 10711 | 5.77 x 107°
1112 * | 0.466 | 0.318
297 * | 0.521 | 0.342
1926 ** | 0.463 | 0.316
3963 ** | 0.390 | 0.281
7629 0.310 | 0.236 8.57 x 10712 8.60 x 107°
10070 0.270 | 0.213 6.95 x 107'2| 6.98 x 10°°
5593 * | 0.275 | 0.216
705 * | 0.361 | 0.265
45 * | 0.472 | 0.320
0 0.58 | 0.369

* unloading
** peloading

107
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TABLE 19 - Test Results for Marine Core from o
Angola Basin (Undisturbed) Consolidated at 20°C

Loadingv Void Porosity Permeability Absolute
(psi) Ratio (n) (cm/sec) Permeability
' (e) (millidarcy)
0
90 0.962 0.490
180 0.891 0.471
360 0.837 0.456
702 | 0.754 0.430 | 1.71 x 1072 1.72 x 1073
1520 0.583 0.368 | 2.49x 10770 | 2.50 x 107
3150 | 0.457 | 0.313 | 3.55x10°11| 3.56 x 1075
6407 0.349 0.258 | 1.81x 107" | 1.82 x 107°
10070 0.279 | 0.219 | 3.73x 10712 | 3.7 x 1076
4768 * | 0.285 0.222
297 * | 0.353 0.261
45 * | 0.410 0.291

* unloading
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TABLE

21 - Liquid Limit, Plastic Limit, and
Permeability Constants C and D of
Test Data Employed in the Computer

Analysis
Liquid Plastic
Sample C D Limit Limit
cm/sec (%) (%)
Kaolinite 0.52 x 107 | 6.07 | 55.0 34.3
I1ite 0.546 x 1070 6.79 45.6 23.5
Bentonite 0.273 x 1078 7.43 338.0 32.5
Marine Core -7
Anola Basin 0.163 x 10 8.63 72.0 25.8
Virginia ' -1
sarginta 0.177 x 10 18.41 59.3 39.3
Mississippi 0.25 x 1074 | 18.17 | m3.2 32.8
_Delta Sediment : : : :
Campeche 0.723 x 107° 6.61 61.4 26.3
Hawai i 0.823 x 107/ 6.53 92.5 37
China Sea 0.464 x 107° 10.18 69 37

LL is the liquid 1imit
PL is the plastic limit
%C is the % clay content
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Fig. 35 - Graph of Consolidation Pressure versus

Porosity Ratio for Kaolinite Tested at
20°¢C
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Determination of the height of water

_ W
Wy = Wy (T1W)
v = X
L
'}

1l

W
Hw -7§

ws - wT - WW
wS

Vs = -2
Ys
v

For saturated soil

H = H + Hw

W = moisture content

W = weight of water

wT = weight of soil

V. = volume of water

= uniflweight of water

H, = height of waterA

A = area of the éonso]idometer
W, = weight of solid

V. = volume of solid

Yg = unit weight of solid
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-
no

m = height of solid
H = height of soil
. A _ vol. of void vol. of water
Void ratio (e) vol. of solid °" vol. of solid
- Hy - Ay
Hg Ry
N Hyy H - Hg
"'H-—OY‘ H
S s
‘ H, = A
. . _vol. of water _ 'w_ "'t
Porosity ratio (n) vol. of soil H- Ay
i H - H
H

Sample calculations are based on the results obtained from experi-

ment #1-60'(Il1ite consolidated at 60°C).

w = 0.1664
wT = 168.07 ¢
we = 2.79 g/ce
., = 1.026 g/cc
N 0.1664
Ww = 168.07 (T—T‘O—m) 23.83 g
_ 23.83 _ 3
VW = W‘e— 23.23 ¢cm
3 .
23.23 cm 1 in .
H = — = 0.289 in.
w’ 31.68 sz 2.54 cm
ws = (168.07 - 23.83) g = 144.24 ¢
_ 144,24 _ 3
VS =579 ° 51.70 cm
. . 3 .
_ 51.70 cm 1 in _
Hg = 5 7.56 om -~ 0-044

31.68 cm
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H = (0.289 + 0.644) in. = 0.933
o _ 0.289 _
Vo1d'rat1o (e) = 0 €A - 0.449

Porosity ratio (n) = %4§%§-= 0.309

Determination of coefficient of permeability.
k =4 Darcy's law
1At
P

1 o

H
W

k is the coefficient of permeability
q is the flow rate
i is the préssure gradient
At is the cross-sectional area of the sample
P is the pressure difference between the top and bottom of
the sample

H is the height of soil

\ is the unit weight of permeant
K.—_-E_.L_]i
Y

K is the absolute permeability
u is the viscdsity of the permeant @ at test temperature

y is the unit weight of permeant @ test témperature

Sample calculation is based on the results obtained from experiment

#1-60 (I1lite consolidated at 60°C) at porosity ratio = 0.186.

H = 0.7914 in.
P = 5040 psi

q=0.55 x 107% cm®/sec
A = 31.68 cm?



5041 #/in.?

v, = 0:037 #/in.3

0.037 #/in.3 x 0.7914 in.

<
()

U 0.55 x 10

4 cm3/sec.

31.68 cm® x 1.721 x 10°

60°C
60°¢C -

2 1.02

1

4.8 x 107

5

6 g—sec/cm2

1.016 g/cm3

10°

11

cm/sec x 4.8 x 10~

= 1.721 x 10

= 1.02 x 107

5
1

cm/sec

6 g--sec/cm2

4.81
4.81
4.85

X

X

10
107

10

-17
17
-6

1.016 g/cm3
cm2

2
cm”- x 1.01 x 10

millidarcy

11

mi1lidarcy/cm®

137
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APPENDIX VI

Computer Program
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SIMPLE MULTIPLE REGRESSION

The program used 1nythe ana1ysis is written by C. H. Michalak,

system analyst of Texas Transportation Institute. It is a simp]ified

version of the Wilson-Goodlatt multipie regression. The‘prdgram groups

the data into a sum of squares and cross products matrix. The matrix

is inverted to solve for the coefficients which are used to determine

the predicted values. The coefficient of determination (Rz) is also .

calculated to evaluate how well the function describes the data. The

program is as follows:

Input Data GUide

Identification Card (20A4) One card per problem

Basic Parameter (215)

cC 1-5
CC 6-10

NOBS
NVAR

Title of the problem
One Card per prob1em

Total number of observations

“Number of terms in the function

Compressibi]ity coefficients or permeability constants and material

properties (F10.6, T15, F9.4, T29, F9.2, T45, F9.5, T55, F9.5) NOBS

cards per problem.

cc 1-10
cC 15-24
cC 29-38

CC 45-54
CC 55-64

RS

| Compressibility coefficient A.or

permeability constant C |
Compressibility coefficient B or
permeabi]ity constant D |
Liquid limit |

Plastic limit

% clay content
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Input for the Function

The functioh may haVe a maximum of 20 terms. Each term is
expressed in terms of liquid 1imit, plastic limit, and % clay content,
which is represented’by symbols X., X2, and'X3 respectively. The input
terms are placed in the main program following card no. 22 in the
sequence of X MAT (M,1), X MAT (M,2), . . . etc. The last term,

X MAT(M,NVAR) is used to define the function as the compressibility

coefficients or permeability constants A, B, C, or D.

Additional Note

The constant coefficient in the function computed by the program
for the compressibility coefficient B are in opposite signs. The
functions for permeability constants C and D are expressed in terms of
Tiquid 1imits and plastic limits only.

The program enclosed gives an example for analysing the following
function:

A=C +Cq W +Cy- W+ C3 - Tog W, +Cy - Tog W,

+ Cg - Tog %C + C; - C

Cn, n=20,1,2, . . ., are the constant coefficients. _’
W, is the Tiquid Timit |
wp is the plastic limit

%C is the percent clay content.



CENOO

Nﬂ»—n—-—w;—~
coa~wcusdLiN=-C

[ R V1§
(S

OO 000N

Nnoon

laYaXal

C

C

1

105 FORMAT( 20A4 )
WRITF(6,2006) ' :
206 FORMAT( *1°*, TS54, 1SIMPLE MULTIFLE FEGRFSSINNY /)
WRITE(6+202) ( HEAD(ID)e I= 1, 20 ) '
292 FIRMAT( 11X 23( %V ), 2Xs 20A4s 2X, 23( >0 ) / )
. READ(5.,101) NOBS, NVAR
101 FORMAT( 215 )
NVAR=NVAR+]
IJRG =0
KNT = 0
M = 0
WRITE(6+200) '
200 FORMAT( S5Xe 1 SUMMARY OF INPUT DATA* / )
DD 2 I = 1.NOBS
M =M ¢+ 1 .
READ (3+103) Y1eY2eX1eX2eX3
103 FORMAT (F1Cs64T15:F9es 0T29|F9020T450r9.59T‘ﬁ-rq «5)
¥Y2=0e40~Y2
XMAT(Me1)=X1
¥MAT(M,2)=Xx2 -
XMAT({M.3)=DLOGLO(X1)
XMAT(M,4)=DLOGLO(X2)
XMAT (M, 5)=DLNGLO(X1=-X2)
XMAT(Me6 )=X3
XMAT (M, NVAR)I=Y1
2 CONTINUE ,
3 CONTINUE » )
CALL ERROF ( NOBS » ‘NVAR, ICRG, BITA, FRs AVG,
& XMAT ) .
ARITE{(6,211)
45 CONTINUE
WRITZ(6,209) NVAR , B
209 FORMAT{(T53. VCOEFFICIENTSs C(I)y I = 19 ' 12 7/ )

141

MAIN PRNOGRAM  —-— SIMPLE MULTIPLE REGRESSIAN —-
IMPLICIT FEAL L - ( A-H,0-Z )'

DIMENSION BITA(25) VAR(ZS,’ AVG (25 ), HEAD(20)
= AMAT(430:25)s YHAT(420) YORGL4CC) s DELTA(400)

CONTINUE.
READ & WRITE HEADER CARD
READ(S5+105+END=50) ( HEAD(I)s I = L 20 )

DI 34 1I=1,NVAR
KN=I1-1
WRITE(6+300) KNysBITA(ID)

e
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49 300 FORMAT (753, *C{*' ,124) = ?,G12,6)
41 c 34 CONTINIJE
+2 NVRL =  NVAR - |
43 YBAR = AVG{ NVAR )
44 SDHAY = 0e0NO
a5 _ SOVAR = 0,000
46 .. ESS = 0.0D0
47 ba 7 K = 1 s NOBS
48 ) YHAT(K) = OITA( 1)
49 DO 66 M = | o NVAR
50 VAR M ) = XMAT(K M)
51 66 CONTINIJE
5.2 DD 43 M = 1 NVR 1 -
53 : YHAT(L) = YHAT(K) + BITA(M+]1) % VAR(M)
Ha & CONTINUE '
55 YONGI(K) = VAR(NVAR) '
56 SOMAT = SOHAT + ( YHAT(K) = VYPAR ) %% 2
57 . SOVAR = SDVAR ¢+ ( YDRG(K) = VYBAR ) %% 2
- 548 : ) DELTA(K) = YCRG(K) - YHAT(K)
$Y .- E535 = =SS + DELTA(K) *%x 2
o0 7 CONTINUE
61 IOF = NOB8S - NVRL = 1
oe : DF = DFLOAT( I0F )
- 63 ' ' XSER = F£S5 / OF
04  RMSR. = DSQRT({ XSEP )
oY RSQ =  SDHAT /7  SDVAR ,
60 JIF L I0RG oEQe O ) GG TO 15
67 RSQ = ( SDVAR - ESS ) / SDVAP
68 15 CONTINJE
69 “RR .= DSQRT( R32 )
ro WRITE( 64203 )RRy R3Qe XSER,y HMSR =
71 203 FCRMAT( I5Xe"*% R == VALUF % 3 R = SQUAPRPFE % 1,

¢t MEAN SQ RESID., Ahkea  RMSKH $¥%%? //35x,
k 40 GlAas7e 2X) /7 ) ‘ ‘

r2 WRITE(6+204) . o : . ,
3 204 FORMAT(S3x, 'FECDOBACK SUMMARY OF DATA®//43%, ;
) td¥x Y(OHBS ) k% *x%kn Y{(HAT) %%* *%k% EPRCOK k%t /)
74 WRITE{(6,210) ( YCRG(K)s YHAT(K), DELYA(K),
¥ K=le NOIBS ) : L o . )
75 210 FDRMAT( { T44s 30 Glas7e 2X ) ) )
76 WRITE(64+211) v .
Tr . 211 FORMAT( 10! )
78 KNT = KNT + 1 ' B
79 B IF{ KNT oNFe 2 ) GO TO 49
390 o WRITE(6, 20¢C)
81 ' KNT= 0
a2 49 CONTINUE
83 GO TO 1
84 S50 WRITE(6,250)
85 250 FORMAT( *1°* )
806 STOP
87 , END
N . R .
84 : SURROJTINE FERROR ( NNOBS, NVAR, IORG, ABTTA,
' ¥ ERJAVGy XMAT ) )
‘ c - e
8 IMPLICIT RFAL * 8 ( A-H,0=2 ) -
Yo ODIMENSION VAR(25)s ANAT(264,26), BITA(25
; = XMAT(40U:25) s YHAT(400)s YORG(A00) , DEL (400,'
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= SUM(26)s AVGI(2S5), PHS{25) )
INITIALIZE MATRIX & SUM VECTOR TO ZERD
N1 = NVAR + 1
DO 1 M = 1 o N1
SUM(M) = 02000
non 1 N = ) S N1
AMAT(M.N) = Js0DO
1 CNANTINUZ
C3s = DFLOAT({ NOAS )
D3 3 K = 1 NOBS
D3 2 M = I NVAR
VAR( M ) = XMAT{ KoM )

22 CONTINUES
BJILD MATFIX & suw VEC TOF
po 2 M = 1 NVAR
SUM(M) = SU M(M) + VAP ()
po 2 N = 1 NVAR : ‘ -
AMAT(MoN) = AMAT(MsN) + VAR(M) % VARIN)
2 CONTINJE
3 COMTINUF :
AVERAGE & EIGHT HAND S1DE

CALCULATE

(DEY] 4 N 1 NVAR
~KH3(N) = A“AT(N'NVAR’
TAVGIN) = SUMIN) 7/  0A3S

4 CONTINUE :
N NUT CORRECT MATRiIX IF GOING THRU ORIGIN
Nv Rl = NVAFE - 1 "
1IF( I0RG oEQoe 1) GQ TO 7
CORRECT MATRIX )
N0 5 M= | S NVAR

09 5 N = 1 » NVAR

AMAT (M N)= AMAT(M.N)-(SUW(M)*SUM(N) )/ CH3S
5 CONTINJE '

CORRECT RIGHT HAND SIDE

DO 6 M | NVAR

RHS(M) = AMAT(4.NVAR)

6 CONTINJE
INVERT THE MATRIX
CONTINUE S o
CALL DIMEQN ( AMATs NVRLs 041D-37, DET )
IF( DET oNE. 0,000 ) GO TO 8 -
v WwR ITE(6+200)
200 FORMAT( 7 10Xs TREE ILL CCNDI:IONFD MATR IX?,

£ ' -CIEFFICIENTS QUESTIONABLE' //
ER = 99.0D25
RE TURN
8 CINTINUE
BETAD = AVG( NVAR ) ,
DO 16 M=1.NVRI -
BETAO = BETAD =~- AMAT(M,NVAR) * AVG(M)
16 CONTINUE SRR o
BITA( 1) = BETAO
DO 11 M 2 » NVAR
BITA(M) = TAMAT (M=15NVAR)

11 CONTINJUE '
- 1F( IORG «EQs 1 ) GO TO 10
CALCULATE ERROR = AMSD o

SSREG = 04000
00 9 L = 1 NVR1 '
SSREG = SSKEG ¢+ FHS(L) *x  AMAT (L +NVAR)

9 CONTINUE
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SSER =. RHS(NVAR) -. SSREG
DFER = (€8S +«= NVR1 -~ 1000
ASQER = SSER 7/ DFER
IF{ ASQFR LEs 04000 ) GC TO 14
ER = DSQRT{ ASQER )}
RETURIN
CALCULATE ERROR IN FEEDBDACK
10 BITA ( 1) = 0, 0DO :
. YBAK = AVG(NVAR)
SOHAT = 00000
ESS = 04000 _
DO 13 K = 1 NCBS
YHAT(K) = BITA( 1)
DO 15 M = 1 5 NVAR
O VARC M ) = XMAT( KoM )
T 15 CONTINJE ' '
T PO 12 M = 1. NWR1 j L
: YHAT{K) = YHAT(K) + BITA(M+1) *  VAR(M)
.12 CONTINUE ' )
YCRG(K) = VAR( NVAR ) : , :
SDHAT = SNDHAT + ( YHAT(K) - ' YEAR ) *% 2
DELTA(K) = YHAT(K) - YOFRG(K} -
ESS = FSS ¢ DELTA(K) *x 2
13 CONTINUE , '
OF = 083s - 14000 =~ DOFLNOAT( NVR1 )
ER = DSQKT( E3S 7 DOF )
RETURN

WRITE(6+201)

FORMAT( / 10X» "NEGATIVE SSER DUE TO FOUND OFF'/)
ER = 99,0025

RE TURN

END

SUBROUTINE DIMEQGN ( As N» EPS, DET )

SUBROUTINE DIMEQGN IS A DOUBLE PRECISION MATRIX
INVERSION ROUTINE THAT SEEKS MAXIMUM PIVIOT FLEMENTS
AND INVERTS IN PLACE

A = ARRAY CONTAINING MATRIX OF COEFFICIENTS 70O BE
INVERTED

N = ORDER QOF A

EPS = MINIMUM ALLOWABLE VALUE OF MAXIMUM PIVIODT
BEFORE MATRIX IS TERMED SINGULAR

DET = VALUE OF DETERMINANT CF THE MATRIX

IMPLICIT REAL % 8  ( A=-H,0-Z )
INTEGER#*2 IP1lV, ICJ
IMENSXSN Y(JO)O ICJI(S0)s IPIV(2:50)s A(26+26)

M = N 1 :
IF(N «EQe 1) GO TO 1
M= N+ 1 '
. NX = N + 1
DET=1+9
ASSIGN 205 TO I ZERO
DO 1000 K=1oN
KMi=K-1

" IF(KMl +GTs 0) ASSIGN 95 TO I1ZFRO
BIGA=0,.,0 '
Dl 10l I=1,N
DO 101 J=1N
30 7O 1ZERQs (95,205)

[l
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VALUE o

257544

‘

F = SQUA

0.1812668

RE %

MF AN $Q RESIV, . *

14,84 149

FEEDBACK SJMWAHY OP DAT\

e Y(oec) b x

0-52400000'01
0s1040000
Js72C0C0O0D-22
0+84000C0D-01
Qs 12000 00D-02
0+ 18000 00D-01
0+266£0000D-01
3620000
" 063550000
0¢9000000D-01
Ce3580CCO
05280000
03110600
Oe 4€50G Q0
0e 43600CO
De40C00CGC
02800000
2.090000
Co467230CQOD=01
0.8600GC0D-01
0e9J90000
09 23300C0
063100000
De1670C N0
Qs13900C0D~ 01
0.2190000
1334000
041240000
0+2229C 00
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0e 3480000
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. 34 €E92000
00 3720000
15.17072C
1.060000
4,480000
284410CO

A%% Y{HAT)

-2:¢6257A0
~0 82848793
Cehran2023
1.683978
064234700
0ed4743614
-1 6494165
1,443114
06 9264971
062471159
1607062
~-0e 3626712
0+3433066
0, 9538556
12489019
16136259
-0e6907129

%**

0,1286779617-01

2+533924
06590234
2.794410
1950491
2.012142
1,901154

~0e 4674304

-0,3303571
0+5930123
11966410
1.576351

1940821

- 14835128
-0 92744765

1872456 .

3+185270

4,040968

2302264
16746762
40489158
1 +863340

=0e2497471

~042601937D-01

Se667187
44152768
3,595404
40283929
24945628
50870369
3,494664
44254850
4,716485

- =1e73
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4434067

*** cnpou *m* '

24673106

062323733
0e6390023
14599975
-~00422273)
—0.45656(4

N
&

—Hcp‘hp;uvpop_.

Je 81l
s 3475
0274
~1+8%
-1 284

&NOUM&NVmCﬂN

BWaP Ui pN
NG ~NNCE &=

i
: s
®
W
« (L
N

3.875123

V24044765

-1e532272
-362379643
~-2:045204
-1336702
-4e4743353
-1 :32964)
Ve3933471
2203019
38303187
~3s8B04764
2:3674930
008979291
~24373623
2029964
-2ed 34603
Qas2251591
23:03332

=1e7d4450
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AJCK=A{LL
IF(LLLEQ. GD TO 100
A(LLLJCI=- CK/7BIGA

DO 104 LA=1 oM~ .

ZAQ.JC) GN TOU 104
A(LLL.L:)=A(lLL.L4) —AJCKHAACIR L A)

—

IR=IPIV(1

U
DO 105 1I=1
L4
ICJ(IR)=JC

CCONT INUE

D3 106 J=TP1+N
.GEs1CJ(I)) GO TO 106
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y GN TO 101

oNE-ICT.AND.N.NE.l) DET ==~DET
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251 ACle2) = A(1s2) / A(1.1)
252 AClsl) = 1,000 7 A(Ll,1)

253 RETURN

254 ~ END

/7/73DATA

SIMPLE MULTIPLE REGRESSION
ATTERBERY LIMITS-COMPRESSIBILITY
SUMMARY OF INPUT DATA

COEFFICIENTSs C(I)s I =1, 7

€C( 0) = =22,6378

C( 1) = =0,533951D-01
Cl 2) = =-0,201090D-01 .
,C( 3) = 63,9880

C{ 4) = =32,1167

Cl S) = =30s1265

cl{ 6) =

0.9669070-01
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